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ABSTRACT 
 
Soybean sudden death syndrome (SDS) is one of the most important soybean diseases in 
the Midwestern United States, leading to average losses of $396 million per year from 1996 to 
2015. The causal agent of SDS, soilborne fungus Fusarium virguliforme (Fv), causes root rot 
symptoms and releases phytotoxins taken up by the plant to produce chlorosis and necrosis in the 
leaves. The main management practice used to reduce the impact of SDS is planting resistant 
soybean cultivars. Resistance to SDS is known to be quantitative with 88 known quantitative 
trait loci (QTL) based on Soybase.org. Many of these QTL were identified using germplasm 
from the southern United States. In an effort to identify QTL from germplasm from the northern 
U.S., a mapping population of F2:3 lines created by crossing the highly resistant cultivar 
‘MN1606SP’ and the susceptible cultivar ‘Spencer’ was phenotyped in the greenhouse at three 
different planting times, each with three replications.  Plants were artificially inoculated using 
SDS infested sorghum seed homogeneously mixed with the soil. Data were collected on three 
disease criteria, foliar disease incidence (DI), foliar leaf scorch disease severity (DS), and root 
rot severity. Disease index (DX) was calculated as DI x DS. Ten QTL were identified for the 
different disease assessment criteria, three for DI, four for DX, and three for root rot severity. 
Three QTL identified for root rot severity and one QTL for disease incidence are considered 
novel, since no previous reports related to these QTL are available. Among QTL, two 
interactions were detected between four different QTL. The interactions suggest that resistance 
to SDS is not only dependent on additive gene effects.   
Building on the genomic data from the QTL mapping study, a gene expression study 
using the parents of the F2:3 mapping population was run. The two parents were screened again 
using the same Fv isolate, but with a different method to prevent expression differences due to 
v 
inoculum load. Using a 10
6 
spore suspension two time points, 1 day after inoculation (DAI) and 
7 DAI were inspected for differences in gene expression in root and foliar tissue to SDS. 
Comparisons between inoculated and non-inoculated as well as comparisons between resistant, 
‘MN1606SP’, and susceptible, ‘Spencer’, were made. The results showed the resistant and 
susceptible lines had different gene expression responses when infected with Fv and when 
compared to each other in the mock treatment. The resistant response included more genes 
significantly (P<0.05) overrepresented than the susceptible in root tissue and the susceptible had 
more than the resistant response in foliar tissue. Overlaying DE genes with previously identified 
QTL allowed us to identify candidates within these QTL contributing to resistance. These results 
will lead to insights into the mechanism soybean employs to defend itself against F. virguliforme 
and will allow breeders to develop markers to select for resistant lines.      
.
1 
CHAPTER 1. 
GENERAL INTRODUCTION 
Dissertation Organization 
 
 The dissertation is divided into 4 chapters.  Chapter 1 includes a general introduction and 
the literature review covering topics including the economic impact of sudden death syndrome 
(SDS) of soybeans, SDS distribution, SDS control, and the inheritance of resistance to SDS. 
Chapter 2 describes the identification of quantitative trait loci (QTL) from a cross between a 
highly resistant cultivar, ‘MN1606SP’, and a susceptible cultivar, ‘Spencer’. Chapter 3 evaluates 
the gene expression from the previously mentioned cultivars used as parents, for differences 
related to the phenotype associated with SDS resistance. Chapter 4 presents the overall 
conclusions drawn from this research. 
General Introduction 
 
 In the U.S., sudden death syndrome (SDS) of soybean [Glycine max (L.) Merr.] is caused 
by the soilborne fungus Fusarium virguliforme (formerly Fusarium solani f. sp. glycines), (Aoki 
et al., 2003; Roy 1997a). At early plant growth stages, the fungus infects soybean roots causing a 
light brown to black discoloration leading to a reduction in root mass and Bradyrhizobium 
nodule formation (Rupe, 1989; Roy et al., 1989; Stephens et al., 1993; Rupe and Gbur, 1995; 
Roy et al., 1997; Njiti et al., 1997). After infection the mycelia colonize the root and infiltrate the 
xylem (Navi and Yang, 2008). Phytotoxin(s) are then released by the fungus to be translocated to 
the foliar tissue producing chlorotic and necrotic symptoms ultimately leading to premature 
defoliation and pod abortion (Jin et al., 1996; Roy et al., 1997; Huang and Hartman, 1998; Brar 
et al., 2011; Chang et al., 2016).  
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 Despite these yield reducing symptoms, data from 2016 indicated that soybeans ranked 
second in production at 117.2 million metric tons (Soystats.com), and area harvested at 33.8 
million hectares (Soystats.com) in the U.S.  The yield losses due to SDS commonly range from 5 
to 15% but can reach upwards of 80% (Roy et al., 1997), if the environmental conditions are 
favorable (Leandro et al., 2013). The range in damage is the reason why SDS ranked as the 2
nd
 to 
the 5
th
 largest yield limiting disease on soybean production in the U.S. from 1996 to 2014.  
During that period losses averaged $190 million a year (Robertson and Leandro, 2010; Wrather 
and Koenning, 2009; Wrather et al., 2010; Bradley and Allen, 2014).  
 This yield impact led to research on how to best manage SDS to minimize loss, ranging 
from inconclusive strategies such as tillage to the most effective strategy of host resistance.  
Tillage as a management strategy has shown some controversial results, with research showing 
tillage to be effective at lowering SDS severity (Wrather et al., 1995; Roy, 1997b; Luo et al., 
2001; Vick et al., 2003), to other research showing that no-till leads to lower SDS incidence and 
severity (Ackerman, 2006; Seyb et al., 2007; Westphal et al., 2008).  Seed treatment 
managements have also been inconclusive on their results, with some products having no effect 
(Weems et al., 2015; Chilvers et al., 2011), to some others reducing SDS severity and increasing 
yields (Mueller et al., 2011; Kandel et al., 2016). Another common management practice for 
disease control is crop rotation.  The maize-soybean rotation used in the U.S., however, is not 
effective (Leandro et al., 2018; Xing and Westphal, 2009; Westphal and Xing, 2011; Marburger 
et al., 2014), in reducing SDS potentially due to the observation that maize is an asymptomatic 
host of F. virguliforme (Yang and Navi, 2010; Kolander et al., 2012). In a wheat-soybean 
rotation, a reduction in SDS severity can be seen (Rupe et al., 1997; Von Qualen et al., 1989). 
Additionally 3- and 4-year rotations including alfalfa, oats, and clover have been reported to be 
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effective (Leandro et al., 2018). A consistent management practice to reduce SDS severity is 
delaying planting to avoid wet and cold soils (Hershman et al., 1990; Wrather et al., 1995; 
Debruin and Pedersen, 2008).  This delay in planting can also reduce the potential soybean yield 
by shortening the length of the growing season (Marburger et al., 2016). Planting resistant 
cultivars is the best management practice to avoid losing yield potential associated with delayed 
planting and the detrimental effects on yield from SDS. 
 The quantitative inheritance of SDS disease resistance complicates the breeding process 
and thus far no commercial cultivars showing complete resistance are available. As of September 
7, 2017 there have been 88 QTL identified according to Soybase.org. Many of the identified 
QTL overlap with each other. Some tend to cluster on certain chromosomes, with chromosome 
(Chr) 18, linkage group (LG) G, having 24 identified regions, Chr 6 (LG C2), having 13 regions 
and Chr 3 (LG N), having 8 (Chang et al., 1996; Hnetkovsky et al., 1996; Njiti et al., 1998; 
Meksem et al., 1999; Prabhu et al., 1999; Iqbal et al., 2001; Njiti et al., 2002; Hashmi, 2004; 
Kassem et al., 2006; Njiti and Lightfoot., 2006; Kazi et al., 2008; Kassem et al., 2012; Yuan et 
al., 2012; Wen et al., 2014; Anderson et al., 2015; Bao et al., 2015; Zhang et al., 2015; 
Swaminathan et al., 2016; Luckew et al, 2017). Currently, every soybean chromosome except 
Chr 12 (LG H), has at least one QTL identified on it.  
Most of the QTL are associated with the foliar symptom phenotype, because most of the 
phenotyping has been done on the basis of SDS foliar symptoms. Root infection has not been 
ignored however, with QTL being identified on Chr 3 (LG N), Chr 4 (LG C1), Chr 6 (LG C2), 
Chr 14 (LG B2), Chr 17 (LG D2), and Chr 18 (LG G) (Njiti et al., 1998; Meksem et al., 1999; 
Prabhu et al., 1999; Kazi et al., 2008; Kassem et al., 2012; Yuan et al., 2012; Bao et al., 2015; 
Luckew et al., 2017). 
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 In spite all these QTL, very little is known about the specific genes conferring resistance 
to F. virguliforme. One QTL on Chr 18 (LG G) has been fine mapped and determined to be a 
receptor-like kinase (Srour et al., 2012; Wen et al., 2014). Yuan et al. (2012) suggested an 
ascorbate peroxidase gene as responsible for the foliar leaf scorch resistance QTL found on Chr 
6 (LG C2). Two genome wide mapping studies have also suggested candidate resistance genes 
with diverse gene functions (Wen et al., 2014; Zhang et al., 2015).  
Additionally, three synthetic protein(s) were identified that bind FvTox1, which has been 
suggested to be the main toxin responsible for foliar symptoms (Brar et al., 2011).  The peptides 
however, were not tested for similarities to soybean genes (Zhang et al., 2016). A proteomic 
study looking at the difference in protein expression between infected and uninfected resistant 
soybeans, found 18 differentially expressed proteins that were classified into 5 categories: 
disease resistance/stress response, intracellular trafficking, energy transfer, primary metabolism, 
and unclassified (Iqbal et al., 2016). A metabolomics study found pipecolic acid in xylem sap 
and leaf tissue was increased in infection (Abeysekara et al., 2016), acting as an osmo-protectant 
(Návarová et al., 2012). Recently, a transcriptome study identified soybean genes that were 
downregulated during SDS development and focused on the role of an ankyrin repeat containing 
gene (Ngaki et al., 2016).  The study, however, only looked at differences in expression between 
an inoculated and mock inoculated susceptible cultivar and analyzed at a bulked 3 and 5 days 
post inoculation samples as well as bulked 10 and 24 days after infection time points together.  
 The first objective of this research was to map QTL from a highly SDS disease resistant 
soybean cultivar adapted to the northern soybean production region of the U.S. This was 
accomplished by creating a mapping population using ‘MN1606SP’ as the resistant parent and 
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‘Spencer’ as the susceptible parent and phenotyping the population in the greenhouse to ensure a 
controlled environment.   
 The second objective was to perform a transcriptomic study to identify the differences in 
gene expression between not only infected and uninfected plants but also resistant ‘MN1606SP’ 
and susceptible ‘Spencer’ cultivars. This objective was designed to combine the genome data and 
the expression data as a means to identify individual genes or cassettes of genes responsible for 
the F. virguliforme resistant phenotypic expression allowing breeders to reduce the size of the 
chromosomal regions being selected. 
Literature Review 
Soybean production 
 
 In the United States cropland planted to soybeans [Glycine max (L.) Merr.], has increased 
from 23.6 million hectares in 1987 to 33.8 million hectares in 2016 (Soystats.com). In the same 
time period, the value of the crop increased from $11.394 billion to $40.944 billion 
(Soystats.com). Soybean is the second most important crop in the United States. 
The causal agent of soybean sudden death syndrome 
 
 Sudden death syndrome in the United States is caused by the fungal pathogen Fusarium 
virguliforme, previously referred to as Fusarium solani f.sp. glycines, and by Fusarium 
brasiliense, Fusarium crassistipitatum, Fusarium tucumaniae, and F. virguliforme in South 
America (Aoki et al., 2003; Aoki et al., 2005; Aoki et al., 2012). The primary spores produced by 
F. virguliforme are macroconidia and chlamydospores as the survival structure (Aoki et al., 
2003; Li et al., 1998). From a molecular basis, F. virguliforme is a clonal species and isolates 
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from different regions in the U.S. have been shown to have little genetic variation (Li et al., 
2000; Malvick and Bussey, 2008; Mbofung et al., 2012; Huang et al., 2016).  
Symptom and signs of soybean sudden death syndrome disease 
 
 Visual signs of this pathogen are bluish masses of conidia that typically only appear in 
wet soil conditions on the root surface of soybean (Roy et al., 1997). The pathogen has never 
been isolated from tissue above the crown of the plant. Disease symptoms can be observed in the 
roots, in the pith and on the leaves of the plant. Root symptoms include discoloration to a 
reddish-brown and loss of mass (Rupe, 1989; Roy et al., 1997; Gray et al., 1999; Li et al., 2009; 
Gongora-Canul et al., 2012). The infection happens quickly once conidia are in contact with 
roots (Gongora-Canul et al., 2012).  Navi and Yang (2008), determined that in an artificial 
inoculation study, infection occurred 6 hours after contact.  As plants age, their roots become 
more resistant to infection by F. virguliforme (Gongora-Canul and Leandro, 2011), potentially 
due to the buildup of cell wall defense mechanism compounds such as lignin and suberin 
(Lozovaya et al., 2006).  
 The foliar symptoms of SDS can appear in early vegetative plant stages, but most often 
develop during the reproductive growth stages (Roy et al., 1997; Rupe, 1989). The foliar 
symptoms begin as interveinal chlorosis along with cupping of the leaf margins ultimately 
leading to necrosis, defoliation and pod abortion (Roy et al., 1997). Several toxins are produced 
by the fungus and are responsible for the foliar leaf scorch symptoms (Jin et al., 1996; Brar et al., 
2011; Abeysekara and Bhatacharyya, 2014; Chang et al., 2016). The best characterized toxin to 
date is FvTox1 (Brar et al., 2011).This toxin has been suggested to interact with Rubisco, which 
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in the presence of light degrades thus releasing reactive oxygen species triggering cell death (Ji 
et al., 2006).  
Economic impact of SDS 
 
 Yield impacts caused by SDS are due to a combination of yield components affected, 
such as pods per plant, seeds per pod, and 1000 seed weight (Lenzi et al., 2011). From 1996 to 
2014, SDS ranked as the 2
nd
 to 5
th
 largest yield limiter on soybean production in the U.S. with 
losses averaging $190 million per year (Robertson and Leandro, 2010; Wrather and Koenning, 
2009; Wrather et al., 2010; Bradley and Allen, 2014).  
Studies have also examined the impact of disease level to determine the incremental yield 
loss. One such study concluded that for each 1% increase in incidence there was a 7-34 kg/ha 
yield loss (Gibson et al., 1994). Using foliar disease severity to score SDS, it was found each unit 
of severity was equivalent to 12-22% yield loss (Njiti et al., 1994). Each 1% of foliar disease 
index which is a combination of severity and incidence, was equal to yield losses of 18 to 29 
kg/ha (Luo et al., 2000). Luo et al. (2000) also looked at the impact of root colonization on 
soybean yield using two different metrics, area under population curve and colony forming units. 
The area under the population curve resulted in a yield loss of 4.8 kg/ha per unit, while each 
colony forming unit in a gram of root tissue at reproductive stage R6 (Fehr and Caviness, 1977), 
was associated with a 0.36 kg/ha yield loss (Luo et al., 2000).   
Management of SDS 
 
 Several management strategies have been proposed to minimize yield losses due to SDS.    
A maize-soybean crop rotation is a management practice widely used in the Midwestern U.S., 
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however, this is ineffective in controlling SDS severity (Leandro et al., 2018; Xing and 
Westphal, 2009; Westphal and Xing, 2011; Marburgeret al., 2014).  Studies looking at the host 
range of F. virguliforme have found maize to be an asymptomatic host (Yang and Navi, 2010; 
Kolander et al., 2012; Kobayashi-Leonel et al., 2017). Further, chlamydospores produced by the 
fungus serve as survival spores and can live for several years in the soil (Aoki et al., 2003). In 
contrast rotations involving wheat, oats, alfalfa and clover have shown to reduce SDS severity in 
long term rotations (Rupe et al., 1997; Von Qualen et al., 1989; Leandro et al., 2018).  
 Tillage is another management practice thought to reduce SDS severity. Tillage may 
decrease compaction allowing for better drainage and root growth and remove decaying tissue 
that can serve as a host for F. virguliforme (Von Qualen et al., 1989; Wrather et al., 1995; Roy, 
1997b; Luo et al., 2001; Vick et al., 2003).  There have been poster presentations on studies 
considering the long term effects of no-till (Ackerman, 2006; Seyb et al., 2007; Westphal et al., 
2008; Kandel et al., 2017). The studies concluded that over time SDS is reduced under no-till 
conditions compared to till.  
 Seed treatments are widely used to prevent seedling diseases in soybean. With the 
knowledge that F. virguliforme is a soilborne fungus, research has examined the efficacy of seed 
treatments against the fungus (Weems et al., 2015; Chilvers et al., 2011; Mueller et al., 2011; 
Kandel et al., 2016; Wang et al., 2014). In several cases, seed treatments have proven ineffective 
at reducing SDS foliar severity or in preventing yield loss due to the disease (Weems et al., 2015; 
Chilvers et al., 2011). Some studies looked at seed treatments containing the active chemical 
fluopyram which was found to be effective at reducing SDS severity and in some environments 
even increasing yields (Mueller et al., 2011; Wang et al., 2014; Zaworski, 2014). Kandel et al. 
(2016) were observed.  The application of fluopyram increased yields was only observed in the 
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SDS susceptible genotypes (Kandel et al., 2016). However, it was also observed that fluopyram 
could reduce plant populations by as much as 8%  
 Another management practice is late or delayed planting of soybeans (Pedersen and 
Lauer, 2004). The concept is to avoid planting into wet and cold soils which are favorable to 
fungus development, something that could be avoided by planting later in the season (Hershman 
et al., 1990; Wrather et al., 1995; Debruin and Pedersen, 2008). The downside of delay/late 
planting, however, is that the soybean growing season is shorter, which typically results in 
reduction of yield potential (Marburger et al., 2016). 
 The use of host resistance has proven to be the most effective management practice, with 
releases of germplasm lines (Cianzio et al., 2014; Cianzio et al., 2016), public cultivars 
(Kantartzi et al., 2012; Kantartzi et al., 2013, Cooper et al., 1990) and commercial cultivars 
However, there are no cultivars currently available with complete resistance to SDS. Resistance 
to SDS is quantitative with large environmental effects leading to low heritability (Sanitchon et 
al., 2004; Anderson et al., 2015; Luckew et al., 2017) making breeding of resistant lines 
challenging. The large environmental effect is due to many factors including, temperature, 
moisture, inoculum density, sunlight, and other biotic and abiotic stresses. These factors can 
influence selections made from field and controlled condition screenings for SDS (Farias Neto et 
al., 2006; Rupe et al., 1994; Roy et al., 1997; Njiti et al., 2001).  Field screening in the 
Midwestern U.S. is only possible in summer, which has led to development of different 
greenhouse screening techniques for use in the off-season to improve genetic gain (Hartman et 
al., 1997; Njiti et al., 2001; Klingelfuss et al., 2002; Melgar and Roy, 1994; Huang and Hartman, 
1998; Jin et al., 1996; Hashmi et al., 2005; Navi and Yang, 2008; Farias Neto et al., 2008; 
Luckew et al., 2012).  Although progress has been made in designing improved protocols, 
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identifying markers associated with disease resistance and the causal genes would improve 
breeding efficiency.    
 Inheritance of SDS resistance 
 
 Initially, resistance to SDS was thought to be controlled by a single gene (Stephens et al., 
1993), but it is now known to be a quantitative trait with 88 QTL identified based on 
Soybase.org. To date, every soybean chromosome has at least one SDS QTL except Chr 12 (LG 
H) (Soybase.org).    
 Two QTL were identified in two different populations on Chr 1 (LG D1a) (Anderson et 
al., 2015; Kassem et al., 2012) (Table 1).  One of the QTL was associated with foliar disease 
severity in the population PI438489B by ‘Hamilton’ with an R2 of 7.5% (Kassem et al., 2012). 
The other QTL was identified as associated with foliar disease index from the population MD96-
5722 by ‘Spencer’ with a R2 of 0.92% (Anderson et al., 2015). Using the flanking markers in 
each publication and comparing them to the ‘Williams82’ composite genetic map on 
Soybase.org, it can be seen they are found in the same region (Figure 1). Since disease index is 
derived from disease severity it is possible there is only one QTL on Chr 1 (LG D1a). 
 Chromosome 2 (LG D1b), has had QTL identified from both bi-parental crosses (Kassem 
et al., 2012; Swaminathan et al., 2016) and genome wide association studies (Wen et al., 2014; 
Zhang et al., 2015) (Table 2). Two QTL for foliar disease severity were identified from the 
progeny of PI438489B by ‘Hamilton’. Based on the composite genetic map, one QTL was 
positioned between 87-93 cM with a R
2 
of 9.0% and the second was positioned 100-116 cM with 
an R
2
 of 5.2% (Kassem et al., 2012). Another QTL for foliar disease severity was identified from 
A95-684043 by LS94-3207 positioned in the region of 93-102 cM and a R
2
 of 8.4% 
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(Swaminathan et al., 2016). In a study using genome wide association (GWAS), germplasm 
accessions were tested and found two regions associated with foliar disease severity (Zhang et 
al., 2015). The first was positioned between 37-39 cM and the second was 76-77 cM, with both 
having a R
2
 of 6.0% (Table 2). The second GWAS study used two different populations, diverse 
soybean cultivars and elite public varieties to identify a QTL for foliar disease incidence and a 
QTL for foliar disease index (Wen et al., 2014). These QTL did not overlap, with one being 
found at the distal end between 3-11 cM with a R
2
 of 5.6% and the other at the opposite distal tip 
between 116-137 cM with a R
2 
of 6.4 (Table 2). Visualizing these QTL using the composite 
genetic map on Soybase.org, it can be theorized there may be as few as five QTL since three 
have regions overlapping each other (Figure 2).  
 The third Chr 3 (LG N) has had ten different studies identifying one QTL each with 
multiple overlaps (Anderson et al., 2015; Kassem et al., 2012; Hnetkovsky et al., 1996; Njiti et 
al., 2002; Chang et al., 1996; Hashmi, 2004; Njiti and Lightfoot, 2006; Yuan et al., 2012; Bao et 
al., 2015; Zhang et al., 2015). Using random amplified polymorphic DNA from progeny derived 
from ‘Essex’ by ‘Forrest’, a QTL was identified associated for foliar disease incidence with an 
R
2
 of 15.6% (Hnetkovsky et al., 1996) to 16.0% (Chang et al., 1996) in a region where no SSR 
markers exist making it difficult to place it on the composite map, however Soybase.org places 
this QTL at 114-136 cM (Table 3). Another two studies identified a region positioned between 
45-53 cM as associated with foliar disease incidence in the population ‘Pyramid’ by ‘Douglas’ 
with R
2’s of 15.0% (Njiti et al., 2002) and 15.6% (Yuan et al., 2012). Using MD96-5722 by 
‘Spencer’ a QTL was identified for foliar disease index with a R2 of 0.8% (Anderson et al., 2015) 
and in ‘Minsoy’ by ‘Noir1’ the QTL associated with foliar disease severity had a R2 of 14.0% 
(Njiti and Lightfoot, 2006). The desired allele in these two different populations was contributed 
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by the susceptible parent, Spencer (Anderson et al., 2015) and by Noir1 (Njiti and Lightfoot, 
2006) in the region from 34-38 cM (Table 3). A QTL associated with foliar disease index in the 
region 22-29 cM was detected using progeny from the cross of ‘Ripley’ by ‘Spencer’ with a R2 
of 7.0% (Hashmi, 2004). With GWAS a QTL associated with foliar disease severity was 
identified in diverse germplasm accessions with a R
2
 of 9.0% positioned 102-103 cM (Zhang et 
al., 2015). A region adjacent, 92-102 cM, has a QTL identified associated with root rot severity 
from the population PI438489B by ‘Hamliton’ with a R2 of 9.9% (Kassem et al., 2012). A 
second QTL associated with the root phenotype, specifically root dry weight, was identified at 
the other distal end, 2-4 cM, (no R
2
 given), from a diverse set of germplasm accessions (Bao et 
al., 2015). With all of the QTL found in overlapping regions, it is possible Chr 3 (LG N), may 
have six QTL (Figure 3).  
 Chromosome 4, (LGC1), has QTL identified for foliar disease severity, disease index and 
root rot severity (Kassem et al., 2012; Luckew et al., 2017; Njiti and Lightfoot, 2006; de Farias 
Neto et al., 2007). Two QTL for foliar disease severity were found in an overlapping region, the 
first between 73 – 132 cM with a R2 of 4.8% from the population PI438489 by ‘Hamilton’ 
(Kassem et al., 2012), the other is within that region between 89 – 95 cM with a R2 of 5.0% 
(Table 4), in the population ‘Minsoy’ by Noir1 (Njiti and Lightfoot, 2006). One of the foliar 
disease index QTL was also found in that region, located 81 – 85 cM with an R2 of 9.0% (Table 
4), from the cross ‘MN1606’ by ‘Spencer’ (Luckew et al., 2017). The second foliar disease index 
QTL is just outside of that region, located at 65 – 71 cM with a R2 of 14.0% (Table 4),  identified 
in the population ‘Ripley’ by ‘Spencer’ (de Farias Neto et al., 2007). The last QTL identified on 
this chromosome was associated with root rot severity in the population from PI438489B by 
‘Hamilton’ and it is found 67 – 85 cM with an R2 of 8.6% (Table 4) (Kassem et al., 2012). Based 
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on the overlapping regions of these QTL it is possible there may be as few as two QTL on Chr 4 
responsible for the SDS phenotype (Figure 4).   
 Chromosome 5 (LG A1), has four QTL identified from three publications with one for 
foliar disease severity and three associated with foliar disease index (Swaminathan et al., 2016; 
Anderson et al., 2015; Yamanaka et al., 2006). The QTL for foliar disease severity was identified 
in the population created from the cross A95-684043 by LS94-3207 in the interval 58 – 78 cM 
(Table 5), and a R
2
 of 7.0% (Swaminathan et al., 2016). One of the foliar disease index QTL was 
within that region, 65 – 71 cM, but identified from the cross Misuzudaizu by Moshidou Gong 
503 (Table 5), with a R
2
 of 9.3% (Yamanaka et al., 2006). The remaining two foliar disease 
index QTL are in an overlapping region from 78 – 89 cM (Table 5). The larger region was 
identified in the cross of MD96-5722 by ‘Spencer’ with a R2 of 0.04% (Anderson et al., 2015) 
and the cross Misuzudaizu by Moshidou Gong 503 identified a finer region, 86 – 89 cM, with a 
R
2
 of 18.4% (Yamanaka et al., 2006).  It is probable these two regions with overlapping QTL 
identified are only two QTL and not four (Figure 5). 
 The sixth chromosome, Chr 6 (LG C2), has had 18 QTL identified (Table 6) on it with 
many being located in the same intervals (Swaminathan et al., 2016; Anderson et al., 2015; Wen 
et al., 2014; Kassem et al., 2012; Kazi et al., 2008; Kassem et al., 2006; Iqbal et al., 2001; 
Hnetkovsky et al., 1996; Njiti et al., 2002; Chang et al., 1996; Yuan et al., 2012; Luckew et al., 
2017; Bao et al., 2015). Of those 18 QTL, four were identified associated with foliar disease 
incidence in an overlapping region located at 121 – 145 cM (Njiti et al., 2002; Igbal et al., 2001; 
Hnetkovsky et al., 1996; Chang et al., 1996). The largest region, 121 – 145 cM, was identified in 
the cross ‘Essex’ by ‘Forrest’ with a R2 of 12.0% (Iqbal et al., 2001). From 121 – 128 cM, a QTL 
from the cross ‘Pyramid’ by ‘Douglas’ was identified with a R2 of 23.0% (Njiti et al., 2002). The 
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remaining two QTL associated with foliar disease incidence come from the cross ‘Essex’ by  
‘Forrest’ and occupy the same interval, 128 – 152 cM, one has a R2 of 18.1% (Hnetkovsky et al., 
1996) and the other has a R
2
 of 16.0% (Chang et al., 1996). There have been six QTL for foliar 
disease severity identified with three occupying an interval or 98 – 121 cM, all having been 
identified in different populations (Swaminathan et al., 2016; Yuan et al., 2012; Kassem et al., 
2012).  One was identified in the population from A95-684043 by LS98-0582 occupying 98 – 
121 cM with an R
2
 of 12.0% (Swaminathan et al., 2016). The other two populations were 
PI438489B by ‘Hamilton’ with an R2 of 3.5% in 108 – 115 cM (Kassem et al., 2012) and ‘Flyer 
by ‘Hartwig’ with an R2 of 15.0% located 108 – 118 cM (Yuan et al., 2012). The remaining three 
foliar disease severity QTL were found in adjacent regions, with one located 82 – 108 cM with 
an R
2
 of 2.4% from PI438489B by ‘Hamilton’ (Kassem et al., 2012) and the other two located 
121 – 127 cM from the crosses A95-684043 by LS98-0582 with R2 of 8.6% (Swaminathan et al., 
2016), and ‘Pyramid’ by ‘Douglas’ with a R2 of 13.6% (Yuan et al., 2012). Three QTL for foliar 
disease index were located in foliar disease severity QTL regions, with one being located 121 – 
128 cM from MD96-5722 by ‘Spencer’ with a R2 of 0.89% (Anderson et al., 2015). The other 
two overlap in a region located 108 – 118 cM, with the large region being identified from the 
cross ‘Flyer’ by ‘Hartwig’ with a R2 of 24.1% (Kazi et al., 2008) and the smaller region, 114 – 
118 cM, identified from elite public soybean lines in a GWAS study with a R
2 
of 5.7% (Wen et 
al., 2014). The GWAS study identified a second foliar disease index located 56 – 62 cM with an 
R
2
 7.7% (Wen et al., 2014). This chromosome had three QTL identified for root rot severity, 
with one being identified from the GWAS study located  at 89 – 91 cM region with no R2given 
(Bao et al., 2015).   Another two identified from the cross MN1606 by ‘Spencer’ (Luckew et al., 
2017), with one located 89 – 98 cM with a R2 of 18.0% and the second 3 – 27 cM with a R2 of 
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15.6%. Kassem et al.( 2006) identified a QTL associated with yield under the influence of SDS 
stress located 113 – 121 cM with a R2 of 17.9%. Due to the large number of overlapping regions 
identified on this chromosome, it is possible there are only as few as five QTL (Figure 6).  
 Chromosome 7 (LGM), has three unique regions associated with SDS resistance at the 
foliar level (Table 7; Figure 7). A region associated with foliar disease severity was identified in 
A95-684043 by LS98-0582 and is located at 104 – 134 cM with a R2 of 12.2% (Swaminathan et 
al., 2016). A GWAS study identified two regions one at 80 – 95 cM for foliar disease severity 
with a R
2
 of 6.5% and another at 67 – 72 cM for foliar disease index with a R2 of 5.5% (Wen et 
al., 2014). 
 Chromosome 8 (LG A2), has QTL associated with foliar disease severity and disease 
index (Table 8). Two QTL for foliar disease severity were identified from the population A95-
684043 by LS94-3207 in adjacent regions, one from 15 – 52 cM with a R2 of 8.4% and the 
second 52 – 58 cM with a R2 of 5.8% (Swaminathan et al., 2016).  Another QTL for foliar 
disease severity was identified in the region 15 – 68 cM from A95-684043 by LS98-0582 with a 
R
2
 of 10.2% (Swaminathan et al., 2016). In this region, two more QTL for foliar disease severity 
were identified in the progeny of PI438489B by ‘Hamilton’ with one located 15 – 28 cM with a 
R
2
 of 9.6% and the other located 28 – 54 cM with a R2 of 17.4% (Kassem et al., 2012). Using 
germplasm accessions, another QTL for foliar disease severity was found in an adjacent region, 9 
– 15 cM, with a R2 of 7.0% (Zhang et al., 2015). In the population ‘Ripley’ by ‘Spencer’ a QTL 
associated with foliar disease index was identified at 54 – 56 cM with a R2 of 7.0% (Hashmi, 
2004). In a region distant from the rest of the QTL, a GWAS study found a QTL associated with 
foliar disease index from 106 – 110 cM with a R2 10.9% (Wen et al., 2014). Visually looking at 
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these regions and their overlaps, the number of QTL present on this chromosome may be as few 
as three (Figure 8).  
 Chromosome 9 (LG K) has four QTL (Table 9) with three in overlapping regions 
indicating there may only be two QTL (Figure 9). The only QTL associated with foliar disease 
incidence was located 105 – 108 cM with a R2 of 11.6% and was identified from a GWAS study 
(Wen et al., 2014). The other three QTL were identified via single cross populations. One QTL 
associated with foliar disease severity from A95-684043 by LS98-0582 is located 46-51 cM with 
a R
2
 of 13.0% (Swaminathan et al., 2016). The remaining two were associated with foliar disease 
index and located 46 – 47 cM with a R2 of 0.53% from MD96-5722 by ‘Spencer’ (Anderson et 
al., 2015) and 45 – 53 cM with a R2 of 8.7% from Misuzudaizu by Moshidou Gong 503 
(Yamanaka et al., 2006).     
 Chromosome 10 (LG O) has three (Table 10) non-overlapping QTL identified (Figure 
10) with disease assessments of foliar severity and disease index (Swaminathan et al., 2016; 
Anderson et al., 2015; Kassem et al., 2012). The QTL associated with foliar disease index was 
located 25 – 38 cM with a R2 of 0.04% from the population MD96-5722 by ‘Spencer’ (Anderson 
et al., 2015). Of the two foliar disease severity QTL, one was located 51 – 54 cM with a R2 of 
5.0% from the population A95-684043 by LS98-0582 (Swaminathan et al., 2016), and the 
second was located 129 – 133 cM with a R2 19.3% from the population PI438489B by 
‘Hamilton’ (Kassem et al., 2012). 
 On Chromosome 11 (LG B1), three QTL (Table 11) have been identified as associated 
with the SDS resistant phenotype (Kassem et al., 2012; Yuan et al., 2012; Wen et al., 2014). In 
the population from PI438489B by ‘Hamilton’ a QTL for foliar disease severity was located 58 – 
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81 cM with a R
2
 of 3.4% (Kassem et al., 2012). In a different single cross, ‘Essex’ by ‘Forrest’, a 
QTL for foliar disease incidence was located 82 – 84 cM with a R2 of 37.0% (Yuan et al., 2012). 
Using GWAS another QTL for foliar disease incidence was identified using a set of diverse 
soybean cultivars, located 101 – 126 cM with a R2 of 5.6% (Wen et al., 2014). When visualizing 
each QTL’s position the regions do not overlap, suggesting all three may be unique (Figure 11).  
 Chromosome 13 (LG F), was studied with six (Table 12) different single cross 
populations (Anderson et al., 2015; Kassem et al., 2006; Kassem et al., 2007; Luckew et al., 
2017; Swaminathan et al., 2016; Yuan et al., 2012) and two (Table 12) GWAS identified  (Wen 
et al., 2014; Zhang et al., 2015). In the crosses A95-684043 by LS94-3207 and A95-684043 by 
LS98-0582 QTL were found associated with foliar disease severity at 73 – 78 cM with a R2 of 
16.0% and 12.0%, respectively (Swaminathan et al., 2016). Using MD96-5722 by ‘Spencer’ a 
QTL associated with foliar disease index was located 1 – 3 cM with a R2 of 0.11% (Anderson et 
al., 2015). In another population with ‘Spencer’ as a parent, ‘MN1606SP’ by ‘Spencer’, a QTL 
for foliar disease incidence is located 73 – 131 cM with a R2 of 11.4% (Luckew et al., 2017). 
Five QTL have been identified from the cross ‘Essex’ by ‘Forrest’ (Kassem et al., 2006; Kassem 
et al., 2007; Yuan et al., 2012). The region 27 – 33 cM was found associated with foliar disease 
severity, R
2
 of 20.0%, and foliar disease index, R
2
 of 19.0% (Yuan et al., 2012). One QTL for 
increased yield under SDS pressure is located 71 – 78 cM with a R2 of 61.8% (Kassem et al., 
2006). In a region close, 66 – 74 cM, a QTL for foliar disease index was found with a R2 of 
10.2% (Kassem et al., 2007). From 18 – 33 cM another QTL was observed associated with foliar 
disease severity with a R
2
 of 16.9% (Kassem et al., 2007). Using diverse soybean cultivars, a 
QTL was identified 18 – 33 cM with a R2 of 7.2% and in elite public soybean lines one QTL was 
found for foliar disease index with a R
2
 of 5.7% in the region of 85 – 87 cM (Wen et al., 2014). 
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The most recent GWAS found a foliar disease severity QTL at 68 – 76 cM with a R2 of 6.0% 
(Zhang et al., 2015). Using the composite interval map on Soybase.org it is seen the identified 
QTL mostly overlap, leading to the possibility there are only three or four QTL on this 
chromosome (Figure 12).   
 On Chromosome 14 (LGB2), four QTL for three disease assessments (Table 13), have 
been identified. With diverse soybean cultivars, a QTL for disease incidence was identified at 20 
– 28 cM with a R2 of 5.3% (Wen et al., 2014). Two QTL for foliar disease index were found in 
similar regions, 18 – 57 cM in MD96-5722 by ‘Spencer’ with a R2 of 6.4% (Anderson et al., 
2015) and 32 – 68 cM in MN1606 by ‘Spencer’ with a R2 of 34.4% (Luckew et al., 2017). A 
QTL for root rot severity was found in the MN1606 by ‘Spencer’ located 68 – 88 cM with a R2 
of 26.8% (Luckew et al., 2017). Looking at figure 13, this chromosome may only have two QTL 
associated with the F. virguliforme resistant phenotype.  
 On Chromosome 15 (LG E), there are potentially only two QTL regions (Figure 14), due 
to the multiple overlapping QTL (Table 14), found in four studies (Anderson et al., 2015; 
Luckew et al., 2017; Njiti and Lightfoot, 2006; Wen et al., 2014). Two of these QTL were found 
in the region 16 – 34 cM, one for foliar disease index from MD96-5722 by ‘Spencer’ with a R2 
of 0.6% (Anderson et al., 2015), and the other from elite public soybean lines in a GWAS 
associated with foliar disease incidence with a R
2
 of 5.8% (Wen et al., 2014). Two were located 
34 – 56 cM associated with foliar disease index, one with a R2 of 13.0% from MN1606 by 
‘Spencer’ (Luckew et al., 2017), and the other in diverse soybean lines with a R2 of 7.7% (Wen 
et al., 2014). In this same region another QTL for foliar disease incidence was located in 
MN1606 by ‘Spencer’ with a R2 of 9.7% (Luckew et al., 2017), and one with foliar disease 
severity from ‘Minsoy’ by Noir1 with a R2 of 10.0% (Njiti and Lightfoot, 2006).  
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 Chromosome 16 (LG J), has seven regions (Table 15) associated with F. virguliforme 
resistance (Anderson et al., 2015; Kassem et al., 2007; Luckew et al., 2017; Sanitchon et al., 
2004; Swaminathan et al., 2016; Yuan et al., 2012), with six of them in overlapping regions 
(Figure 15), indicating the possibility that there are only two QTL on this chromosome. Two 
QTL were identified in the population ‘Essex’ by ‘Forrest’, one associated with foliar disease 
severity from 24 – 28 cM with a R2 of 10.2% (Kassem et al., 2007), and the second for foliar 
disease index from 25 – 39 cM with a R2 of 39.0% (Yuan et al., 2012). In this same region, 32 – 
45 cM, another QTL for foliar disease index was found with a R
2
 of 0.85% in MD96-5722 by 
‘Spencer’ (Anderson et al., 2015). Two more QTL associated with foliar disease severity were 
located 28 – 39 cM with a R2 of 5.2% from A95-684043 by LS94-3207 (Swaminathan et al., 
2016), and 32 – 45 cM from GC89045-13-1 by GC87018-12-2B-1 with no R2 given (Yuan et al., 
2012). One QTL was identified in a different region, 65 – 78 cM, associated with foliar disease 
incidence with a R
2
 of 11.8% in MN1606 by ‘Spencer’ (Luckew et al., 2017).  
 Six studies have identified nine QTL (Table 16), on Chr 17 (LG D2), six associated with 
foliar severity (de Farias Neto et al., 2007; Hashmi, 2004; Yuan et al., 2012; Bao et al., 2015; 
Zhang et al., 2015), and three with root rot severity (Kazi et al., 2008; Yuan et al., 2012; Bao et 
al., 2015). ‘Flyer’ by ‘Hartwig’ found two QTL associated with root rot severity in the same 
region 87 – 92 cM with a R2 of 25.2% (Kazi et al., 2008), and 10.0% (Yuan et al., 2012). Using 
‘Ripley’ by ‘Spencer’, two QTL associated with foliar disease index were found in the region 80 
– 91 cM with a R2 of 14.0% (de Farias Neto et al., 2007), and 13.0% (Hashmi, 2004). In 
PI567374 by ‘Omaha’ a QTL found 77 – 79 cM with a R2 of 11.0% (de Farias Neto et al., 2007), 
and a QTL in ‘Pyramid’ by ‘Douglas’ found 87 – 92 cM with a R2 of 22.0% (Yuan et al., 2012), 
were associated with foliar disease severity. Using germplasm accessions two QTL were found 
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85 – 92 cM with no R2 given, associated with dry weights of roots and shoots (Bao et al., 2015). 
Another QTL found in germplasm accessions 16 – 25 cM was associated with foliar disease 
severity with a R
2
 of 6.0% (Zhang et al., 2015). Visualizing these regions, eight overlap 
indicating a possibility for Chr 17 to have only two QTL present on it (Figure 16).  
 Chromosome 18 (LG G), has the most QTL identified, however many of the QTL are in 
the same location (Figure 17), across population (Table 17). In the region 0 – 11 cM, six QTL 
have been identified for foliar disease incidence (Chang et al., 1996; Iqbal et al., 2001; Wen et 
al., 2014; Njiti et al., 2002), with the highest R
2
 of 24.2% (Iqbal et al, 2001), two associated with 
foliar disease severity (Chang et al., 1996), with the highest R
2
 being 16.0% (Yuan et al., 2012), 
four  for foliar disease index (Kassem et al., 2006; Wen et al., 2014), the largest R
2
 at 63.0% 
(Meksem et al., 1999), and five with root rot severity (Meksem et al., 1999; Prabhu et al., 1999; 
Kazi et al., 2008; Yuan et al., 2012), with the largest R
2
 of 47.0% (Njiti et al., 1998). A foliar 
disease incidence QTL was located 12 – 23 cM with a R2 of 19.2% in ‘Essex’ by ‘Forrest’ (Iqbal 
et al., 2001). In the region 21 – 33 cM five QTL were found, 2 for foliar disease incidence (Iqbal 
et al., 2001), with the highest R
2
 of 16.0% (Chang et al., 1996), one for foliar disease severity 
with a R
2
 of 20.0% (Chang et al., 1996), and two for foliar disease index both with R
2’s of 13.0% 
(Kazi et al., 2008; Yuan et al., 2012).   In an adjacent region, 33 – 52 cM, one QTL for foliar 
disease severity with a R
2
 of 35.0% (Yuan et al., 2012), and two QTL associated with root rot 
severity with R
2
 of 12.9% (Yuan et al., 2012), and 38.5% (Kazi et al., 2008), were found. A QTL 
associated with foliar disease severity was located between 61 and 80 cM with a R
2
 of 8.0% 
(Zhang et al., 2015). The last region with QTL is 95 – 108 cM having four; one associated with 
foliar disease severity with a R
2
 of 8.8% (Kassem et al., 2012), one for root rot severity with a R
2
 
of 33.3% (Kassem et al., 2012), and one for each shoot and root dry weights (Bao et al., 2015). 
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These QTL were identified in ‘Essex’ by ‘Forrest’ (Iqbal et al., 2001; Kassem et al., 2006; 
Meksem et al., 1999; Chang et al., 1996; Njiti et al., 1998; Yuan et al., 2012), ‘Flyer’ by 
‘Hartwig’ (Kazi et al., 2008; Yuan et al., 2012), ‘Pyramid’ by ‘Douglas’ (Njiti et al., 2002; Yuan 
et al., 2012), PI438489B by ‘Hamilton’ (Kassem et al., 2012), and in GWAS studies using 
germplasm accessions (Zhang et al., 2015; Bao et al., 2015), diverse soybean cultivars and elite 
soybean lines (Wen et al., 2014).  
Chromosome 19 (LG L), has 8 QTL (Table 18). One QTL for foliar disease incidence is 
located 34 – 36 cM with a R2 of 5.8% identified by GWAS in diverse soybean cultivars (Wen et 
al., 2014). Using germplasm accession in another GWAS study, two QTL for foliar disease 
severity were found with one located 20 – 23 cM and a R2 of 6.0% and the other 38 – 41 cM 
with a R
2
 of 8.0% (Zhang et al., 2015). In the region 61 – 94 cM, two QTL were identified 
associated with foliar disease severity, one from PI438489B by ‘Hamilton’ with a R2 of 17.7% 
and the other from ‘Minsoy’ by Noir1 with a R2 of 7.0% (Njiti et al., 1998).   In the cross 
‘Ripley’ by ‘Spencer’ two QTL in the overlapping region 61 – 68 cM both for foliar disease 
index with R
2
 of 14.0% (de Farias Neto et al., 2007), and 9.0% (Hashmi, 2004). In MD96-5722 
by ‘Spencer’ a QTL for foliar disease index with a R2 of 0.01% was located 55 – 65 cM 
(Anderson et al., 2015). Figure 18 shows the overlapping regions and indicates the total number 
of QTL on Chr 19 may be as few as 4. 
Chromosome 20 (LG I), has QTL for foliar disease incidence, severity and index (Table 
19). The lone foliar disease incidence QTL is located 37 – 50 cM with a R2 of 11.5% and was 
found in ‘Essex’ by ‘Forrest’ (Iqbal et al., 2001). Six QTL for foliar disease severity were found 
with two in an overlapping region 50 – 65 cM from the cross A95-684043 by LS94-3207, both 
with a similar R
2
 of 6.3% (Swaminathan et al., 2016). In adjacent regions two QTL for foliar 
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disease severity were found, one 23 – 35 cM in A95-684043 by LS98-0582 with a R2 of 15.0% 
(Swaminathan et al., 2016), and the other 37 – 46 cM in germplasm accessions with a R2 of 7.0% 
(Zhang et al., 2015). The last two identified foliar disease severity QTL overlap with the larger 
region being 63 – 114 cM from A95-684043 by LS94-3207 with a R2 of 5.9% (Swaminathan et 
al., 2016), and the smaller region being 98 – 101 cM from PI567374 by ‘Omaha’ with a R2 of 
11.0% (de Farias Neto et al., 2007). There are two foliar disease index QTL in adjacent regions 
with one from ‘Misuzudaizu’ by ‘Moshidou Gong 503’ located 19 – 28 cM with a R2 of 6.61% 
(Yamanaka et al., 2006), and the other from MN1606 by ‘Spencer’ located 28 – 36 cM with a R2 
of 19.99% (Luckew et al., 2017). Placing these regions on a map allows the overlapping QTL to 
be visualized and can lead to the hypothesis that Chr 20 may only have four QTL associated with 
SDS (Figure 19).  
Overall, looking at figures 1 to figure 19 and accounting for the overlap of each QTL 
identified, there may be as many as 58 QTL unique for the four disease assessments; foliar 
incidence, foliar severity, foliar index, and root rot severity. Most of these QTL have not been 
validated however, and will need to be before action can be taken to breed for them since 
incorporating 58 different QTL is far too difficult in a breeding program.  
Potential candidate genes 
 
 Only recently research has started investigating some of the QTL for potential gene 
candidates of interest. The first study to fine map a candidate gene focused on Chr 18, LG G, in 
the location identified in the Rhg1/Rfs2 between 2.20 - 10.92 cM (Igbal et al., 2001). One of 
those genes encoded a receptor like kinase, Glyma18g02680, which is expressed in the roots, 
shoot and seeds of the soybean plant and was determined to confer resistance to F. virguliforme 
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(Srour et al., 2012). A GWAS study found a peak with the nearest annotated gene being a 
receptor like kinase believed to be the same gene, however, it was not investigated further (Wen 
et al., 2014).   
 Using transgenic Arabidopsis thaliana and tobacco (Yuan et al., 2012), several potential 
candidate genes have been identified (Wang et al., 2017). Yuan et al. (2012) suggested an 
ascorbate peroxidase gene was responsible for the foliar leaf scorch QTL found on Chr 6 
between 121 – 127 cM. Root rot resistance to F. virguliforme was achieved by expressing a 
glutamate dehydrogenase gene (gdhA) from E. coli in tobacco (Yuan et al., 2012).  Inoculating A. 
thaliana lead to the identification of the nonhost resistance gene, At3g59640 or PSS1, and when 
expressed in a transgenic ‘Williams82’ soybean resistance to SDS was improved (Wang et al., 
2017).  
 Several GWAS have been performed and in each study candidate genes closest to the 
LOD peak have been identified (Wen et al., 2014; Zhang et al., 2015), however, no work was 
done to confirm the genes. Using a single cross PI438489B by ‘Hamilton’ three types of genes 
found in multiple copies within multiple QTL: a plant-type serine-threonine protein kinase, 
pentatricopeptide repeat-containing protein, and MYB-related protein (Kassem et al., 2012). On 
Chr 2, a stress induced receptor-like kinase, SIK1, is strongly suggested to be the gene of interest 
(Zhang et al., 2015). The most common candidate genes listed in the two GWAS are defense 
related genes (Wen et al., 2014; Zhang et al., 2015). 
 Research has been done to identify three synthetic protein(s) that bind FvTox1, one of the 
toxins responsible for foliar symptoms (Brar et al., 2011), but the peptides were not tested for 
similarities to soybean genes (Zhang et al., 2016). In a proteomic study, the abundance of 
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proteins in inoculated and non-inoculated soybean roots were compared finding 18 with differing 
levels in the resistant (Iqbal et al., 2016). The proteins found increased in the resistant inoculated 
plants tended to be disease or stress response proteins, including a salicylic acid pathway protein 
(Gi31468505), and two pectinesterases (Gi2098713, Gi6174914), but also included intracellular 
trafficking, energy transfer, primary metabolism, and unclassified proteins (Iqbal et al., 2016). 
Testing for differences in metabolites in xylem sap found increased pipecolic acid, a metabolite 
that plays a role in systemic acquired resistance in F.virguliforme infected susceptible plants 
compared to uninfected (Abeysekara et al., 2016). In A. thaliana pipecolic acid is synthesized by 
the gene ALD1, with the closest soybean homolog being Glyma.08G180600 which was shown to 
be activated in the foliar tissue of soybean when infected with F. virguliforme (Abeysekara et al., 
2016).  
 Two studies have used transcriptomic approaches to characterize responses to SDS. 
Ngaki et al. (2016), examined gene differences between an inoculated and non-inoculated 
susceptible cultivar. The study pooled samples from three and five days after treatment (early 
response), and ten and 24 days after treatment (late response). Glyma12g12470 was repressed by 
F. virguliforme infection, but overexpression in transgenic plants enhanced resistance. This 
suggests F. virguliforme represses soybean defense genes in susceptible genotypes to increase 
susceptibility. Radwan et al. (2011) used the soybean Affymetrix chip to compare gene 
expression in roots of PI567374 (resistant), and ‘Essex’ (susceptible), during infection. A total of 
1,694 differentially expressed genes were identified, 247 unique to resistance and 378 unique to 
susceptibility. In addition, 93 gene targets for smRNA and 42 gene targets for miRNA were also 
identified.  
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Tables 
Table 1. Quantitative trait loci (QTL) associated with resistance to Fusarium virguliforme on Chr 1 (LG D1a).  
Disease 
Assessment
† 
Position 
(cM) on 
Soybase
‡
 
Flanking SSR 
markers 
Population Desired 
Parental Allele
§
 
R
2
 
(%) 
Reference 
Bi-Parental Populations 
FDS 
54.50 – 
75.25 
Satt603 – 
Sat_036 
PI438489B x Hamilton N/A 7.5 Kassem et al., 2012 
FDX 
64.51 – 
75.25 
Satt507 – 
Sat_036 
MD96-5722 x Spencer Spencer (S) 0.9 Anderson et al., 2015 
†
Assessment used to identify the QTL; FDS = foliar disease severity, FDX = foliar disease index  
‡
QTL position based on composite interval mapping (www.soybase.org) 
§
The desired parental allele contributed by the parent listed in the publication is in parenthesis.  If not listed, estimated additive effect 
was used.  If neither was listed then is indicated as N/A = not available. Desired parent phenotypic reaction to SDS is 
indicated, R= resistant; S= susceptible
  
3
6
 
Table 2. Quantitative trait loci (QTL) associated with resistance to Fusarium virguliforme on Chr 2 (LG D1b). 
Disease 
Assessment
† 
Position 
(cM) on 
Soybase
‡
 
Flanking SSR 
markers 
Population Desired 
Parental Allele
§
 
R
2
 
(%) 
Reference 
Bi-Parental Populations 
FDS 87.19-93.34 Satt546 – 
Sat_139 
PI438489B x Hamilton N/A 9.0 Kassem et al., 2012 
FDS 93.34-102.59 Sat_139 – 
Sat_069 
A95-684043 x LS94-
3207 
LS94-3207 (R) 8.4 Swaminathan et al., 2016 
FDS 100.88-
116.34 
Satt172 – 
Satt274 
PI438489B x Hamilton N/A 5.2 Kassem et al., 2012 
Genome Wide Association Studies 
FDX 3.79-11.14 Sat_279 - 
Sat_227 
P1 (Diverse Soy 
cultivars) 
N/A 5.6 Wen et al., 2014 
FDS 37.07 - 38.63 Satt157 - 
Sat_173 
Germplasm Accessions N/A 6.0 Zhang et al., 2015 
FDS 76.32 - 76.59 Satt189 - 
Satt350 
Germplasm Accessions N/A 6.0 Zhang et al., 2015 
FDI 116.34-
137.05 
Satt274 - 
Satt271 
P2 (Elite Public Soy 
Lines) 
N/A 6.4 Wen et al., 2014 
†
Assessment used to identify the QTL; FDI = foliar disease incidence, FDS = foliar disease severity, FDX = foliar disease index  
‡
QTL position based on composite interval mapping (www.soybase.org) 
§
The desired parental allele contributed by the parent listed in the publication is in parenthesis.  If not listed, estimated additive effect 
was used.  If neither was listed then is indicated as N/A = not available. Desired parent phenotypic reaction to SDS is 
indicated, R= resistant; S= susceptible
  
3
7
 
Table 3. Quantitative trait loci (QTL) associated with resistance to Fusarium virguliforme on Chr 3 (LG N). 
Disease 
Assessment
† 
Position 
(cM) on 
Soybase
‡
 
Flanking SSR 
markers 
Population Desired 
Parental Allele
§
 
R
2
 
(%) 
Reference 
Bi-Parental Populations 
FDX 22.67 – 
29.28 
Satt152 – 
Satt641 
Ripley x Spencer Ripley (R) 7.0 Hashmi, 2004 
FDS 34.52 – 
38.07 
Satt683 – 
Satt485 
Minsoy x Noir1 Noir (S) 14.
0 
Njiti and Lightfoot, 2006 
FDX 34.52 – 
38.07 
Satt683 – 
Satt485 
MD96-5722 x Spencer Spencer (S) 0.8 Anderson et al., 2015 
FDI 45.13 – 
53.25 
Satt080 – 
Satt387 
Pyramid x Douglas Pyramid (R) 15.
0 
Njiti et al. 2002 
FDI 45.13 – 
53.25 
Satt080 – 
Satt387 
Pyramid x Douglas Pyramid (R) 15.
6 
Yuan et al., 2012 
Rot 92.55 – 
102.05 
Satt257 – 
Satt022 
PI438489B x Hamilton N/A 9.9 Kassem et al., 2012 
FDI 114 – 136 N/A Essex x Forrest Forrest (R) 16.
0 
Chang et al., 1996 
FDI 114 – 136 N/A Essex x Forrest Forrest (R) 15.
6 
Hnetkovsky et al., 1996 
Genome Wide Association Studies 
Rot 2.44 – 4.33 Satt022 – 
Sat_125 
Germplasm Accessions N/A 9.0 Zhang et al., 2015 
FDS 102.05 – 
103.33 
Satt022 – 
Sat_125 
Germplasm Accessions N/A 9.0 Zhang et al., 2015 
†
Assessment used to identify the QTL; FDI = foliar disease incidence, FDS = foliar disease severity, FDX = foliar disease index, Rot = 
root rot severity  
‡
QTL position based on composite interval mapping (www.soybase.org) 
§
The desired parental allele contributed by the parent listed in the publication is in parenthesis.  If not listed, estimated additive effect 
was used.  If neither was listed then is indicated as N/A = not available. Desired parent phenotypic reaction to SDS is 
indicated, R= resistant; S= susceptible 
 
  
3
8
 
Table 4. Quantitative trait loci (QTL) associated with resistance to Fusarium virguliforme on Chr 4 (LG C1). 
Disease 
Assessment
† 
Position 
(cM) on 
Soybase
‡
 
Flanking SSR 
markers 
Population Desired 
Parental Allele
§
 
R
2
 
(%) 
Reference 
Bi-Parental Populations 
FDX 65.08 – 
70.51 
Satt578 – 
Satt646 
Ripley x Spencer Spencer (S) 14.
0 
de Farias Neto et al., 2007 
Rot 67.02 – 
84.80 
Satt607 – 
Satt195 
PI438489B x Hamilton N/A 8.6 Kassem et al., 2012 
FDS 73.32 – 
132.46 
Satt190 – 
Satt164 
PI438489B x Hamilton N/A 4.8 Kassem et al., 2012 
FDX 80.62 – 
85.37 
Satt476 – 
Satt670 
MN1606 x Spencer MN1606 (R) 9.0 Luckew et al., 2017 
FDS 88.94 – 
94.62 
Satt713 – 
Sat_235 
Minsoy x Noir1 Noir1 (S) 5.0 Njiti and Lightfoot, 2006 
†
Assessment used to identify the QTL; FDS = foliar disease severity, FDX = foliar disease index, Rot = root rot severity  
‡
QTL position based on composite interval mapping (www.soybase.org) 
§
The desired parental allele contributed by the parent listed in the publication is in parenthesis.  If not listed, estimated additive effect 
was used.  If neither was listed then is indicated as N/A = not available. Desired parent phenotypic reaction to SDS is 
indicated, R= resistant; S= susceptible
 
 
 
  
3
9
 
Table 5. Quantitative trait loci (QTL) associated with resistance to Fusarium virguliforme on Chr 5 (LG A1). 
Disease 
Assessment
† 
Position 
(cM) on 
Soybase
‡
 
Flanking SSR 
markers 
Population Desired 
Parental Allele
§
 
R
2
 
(%) 
Reference 
Bi-Parental Populations 
FDS 57.79 – 
78.44 
Sat_171 – 
Sat_267 
A95-684043 x LS94-
3207 
LS94-3207 (R) 7.0 Swaminathan et al., 2016 
FDX 64.73 – 
71.38 
Satt385 – 
Satt545 
Misuzudaizu x Moshidou 
Gong 503 
Moshidou Gong 
503 (R) 
9.3 Yamanaka et al., 2006 
FDX 78.44 – 
88.58 
Sat_267 – 
Satt174 
MD96-5722 x Spencer MD96-5722 (R) 0.0
4 
Anderson et al., 2015 
FDX 85.58 – 
88.58 
Satt599 – 
Satt174 
Misuzudaizu x Moshidou 
Gong 503 
Misuzudaizu 
(S) 
18.
4 
Yamanaka et al., 2006 
†
Assessment used to identify the QTL; FDS = foliar disease severity, FDX = foliar disease index  
‡
QTL position based on composite interval mapping (www.soybase.org) 
§
The desired parental allele contributed by the parent listed in the publication is in parenthesis.  If not listed, estimated additive effect 
was used.  If neither was listed then is indicated as N/A = not available. Desired parent phenotypic reaction to SDS is 
indicated, R= resistant; S= susceptible
 
  
4
0
 
Table 6. Quantitative trait loci (QTL) associated with resistance to Fusarium virguliforme on Chr 6 (LG C2). 
Disease 
Assessment
† 
Position (cM) 
on Soybase
‡
 
Flanking SSR 
markers 
Population Desired 
Parental Allele
§
 
R
2
 
(%) 
Reference 
Bi-Parental Populations 
Rot 3.15 – 26.65 Satt681 – 
Satt227 
MN1606 x Spencer Spencer (S) 15.
6 
Luckew et al., 2017 
FDS 82.23 – 
107.58 
Satt322 – 
Satt277 
PI438489B x Hamilton N/A 2.4 Kassem et al., 2012 
Rot 89.30 – 97.83 Satt450 – 
Sat_213 
MN1606 x Spencer MN1606 (R) 17.
9 
Luckew et al., 2017 
FDS 107.58 – 
115.48 
Satt277 – 
Satt708 
PI438489B x Hamilton N/A 3.5 Kassem et al., 2012 
FDS 107.58 – 
117.87 
Satt277 – 
Satt079 
Flyer x Hartwig Flyer (S) 15.
0 
Yuan et al., 2012 
FDS 107.58 – 
117.87 
Satt277 – 
Satt079 
Flyer x Hartwig Flyer (S) 24.
1 
Kazi et al., 2008 
FDX 107.58 – 
117.87 
Satt277 – 
Satt079 
Flyer x Hartwig Flyer (S) 24.
1 
Kazi et al., 2008 
Yield 113.40 – 
121.26 
Satt319 – 
Satt307 
Essex x Forrest N/A 17.
9 
Kassem et al., 2006 
FDI 121.26 – 
127.66 
Satt307 – 
Satt316 
Pyramid x Douglas Douglas (S) 23.
0 
Njiti et al., 2002 
FDI 121.26 – 
145.47 
Satt307 – 
Satt371 
Essex x Forrest Essex (S) 12.
0 
Iqbal et al., 2001 
†
Assessment used to identify the QTL; FDI = foliar disease incidence, FDS = foliar disease severity, FDX = foliar disease index, Rot = 
root rot severity, Yield = increased yield under symptom expression 
‡
QTL position based on composite interval mapping (www.soybase.org) 
§
The desired parental allele contributed by the parent listed in the publication is in parenthesis.  If not listed, estimated additive effect 
was used.  If neither was listed then is indicated as N/A = not available. Desired parent phenotypic reaction to SDS is 
indicated, R= resistant; S= susceptible
  
4
1
 
 
Table 6 (cont). Quantitative trait loci (QTL) associated with resistance to Fusarium virguliforme on Chr 6 (LG C2). 
Disease 
Assessment
†
 
Position 
(cM) on 
Soybase
‡
 
Flanking SSR 
markers 
Population Desired 
Parental Allele
§
 
R
2
 
(%) 
Reference 
Bi-Parental Populations 
FDS 121.26 – 
126.23 
Satt307 – 
Satt202 
A95-684043 x LS98-
0582 
A95-684043 (S) 8.6 Swaminathan et al., 2016 
FDS 121.26 – 
127.66 
Satt307 – 
Satt316 
Pyramid x Douglas Douglas (S) 13.6 Yuan et al., 2012 
FDX 121.26 – 
128.22 
Satt307 – 
Satt433 
MD96-5722 x Spencer Spencer (S) 0.9 Anderson et al., 2015 
FDI 128.22 – 
151.91 
Satt433 – 
Satt357 
Essex x Forrest Essex (S) 18.1 Hnetkovsky et al., 1996 
FDI 128.22 – 
151.91 
Satt433 – 
Satt357 
Essex x Forrest Essex (S) 16.0 Chang et al., 1996 
Genome Wide Association Studies 
FDX 56.50 – 
61.98 
Satt457 – 
Sat_153 
P2 (Elite Public Soy 
Lines) 
N/A 7.7 Wen et al., 2014 
Rot 89.30 – 
90.93 
Satt450 – 
Sat_213 
Germplasm Accessions N/A N/A Bao et al., 2015 
FDX 114.19 – 
117.87 
Sat_251 – 
Satt079 
P2 (Elite Public Soy 
Lines) 
N/A 5.7 Wen et al., 2014 
†
Assessment used to identify the QTL; FDI = foliar disease incidence, FDS = foliar disease severity, FDX = foliar disease index, Rot = 
root rot severity, Yield = increased yield under symptom expression 
‡
QTL position based on composite interval mapping (www.soybase.org) 
§
The desired parental allele contributed by the parent listed in the publication is in parenthesis.  If not listed, estimated additive effect 
was used.  If neither was listed then is indicated as N/A = not available. Desired parent phenotypic reaction to SDS is 
indicated, R= resistant; S= susceptible
  
4
2
 
Table 7. Quantitative trait loci (QTL) associated with resistance to Fusarium virguliforme on Chr 7 (LG M). 
Disease 
Assessment
† 
Position (cM) 
on Soybase
‡
 
Flanking 
SSR markers 
Population Desired 
Parental Allele
§
 
R
2
 
(%) 
Reference 
Bi-Parental Populations 
FDS 103.98 – 
133.83 
Satt336 – 
Sat_121 
A95-684043 x LS98-
0582 
LS98-0582 (R) 12.
2 
Swaminathan et al., 2016 
Genome Wide Association Studies 
FDX 66.98 – 71.70 Satt175 – 
Satt494 
P1 (Diverse Soy 
cultivars) 
N/A 5.5 Wen et al., 2014 
FDS 80.01 – 95.44 Satt306 – 
Satt551 
P1 (Diverse Soy 
cultivars) 
N/A 6.5 Wen et al., 2014 
†
Assessment used to identify the QTL; FDS = foliar disease severity, FDX = foliar disease index  
‡
QTL position based on composite interval mapping (www.soybase.org) 
§
The desired parental allele contributed by the parent listed in the publication is in parenthesis.  If not listed, estimated additive effect 
was used.  If neither was listed then is indicated as N/A = not available. Desired parent phenotypic reaction to SDS is 
indicated, R= resistant; S= susceptible
 
 
  
4
3
 
Table 8. Quantitative trait loci (QTL) associated with resistance to Fusarium virguliforme on Chr 8 (LG A2). 
Disease 
Assessment
† 
Position (cM) 
on Soybase
‡
 
Flanking 
SSR markers 
Population Desired 
Parental Allele
§
 
R
2
 
(%) 
Reference 
Bi-Parental Populations 
FDS 14.99 – 27.90 Sct_067 – 
Sat_319 
PI438489B x Hamilton N/A 9.6 Kassem et al., 2012 
FDS 14.99 – 67.86 Sct_067 – 
AW132402 
A95-684043 x LS98-
0582 
LS98-0582 (R) 10.
2 
Swaminathan et al., 2016 
FDS 14.99 – 51.86 Sct_067 – 
Sat_162 
A95-684043 x LS94-
3207 
A95-684043 (S) 8.4 Swaminathan et al., 2016 
FDS 27.90 – 53.75 Sat_319 – 
Sat_215 
PI438489B x Hamilton N/A 17.
4 
Kassem et al., 2012 
FDS 51.86 – 58.43 Sat_162 – 
GMENOD2
B 
A95-684043 x LS94-
3207 
A95-684043 (S) 5.8 Swaminathan et al., 2016 
FDX 53.75 – 56.32 Sat_215 – 
Sat_212 
Ripley x Spencer Ripley (R) 7.0 Hashmi, 2004 
Genome Wide Association Studies 
FDS 9.14 – 14.99 Satt390 – 
Sct_067 
Germplasm Accessions N/A 7.0 Zhang et al., 2015 
FDX 106.29 – 
109.83 
Sat_392 – 
Satt327 
P2 (Elite Public Soy 
Lines) 
N/A 10.
9 
Wen et al., 2014 
†
Assessment used to identify the QTL; FDS = foliar disease severity, FDX = foliar disease index  
‡
QTL position based on composite interval mapping (www.soybase.org) 
§
The desired parental allele contributed by the parent listed in the publication is in parenthesis.  If not listed, estimated additive effect 
was used.  If neither was listed then is indicated as N/A = not available. Desired parent phenotypic reaction to SDS is 
indicated, R= resistant; S= susceptible
 
  
4
4
 
Table 9. Quantitative trait loci (QTL) associated with resistance to Fusarium virguliforme on Chr 9 (LG K). 
Disease 
Assessment
† 
Position (cM) 
on Soybase
‡
 
Flanking 
SSR markers 
Population Desired 
Parental Allele
§
 
R
2
 
(%) 
Reference 
Bi-Parental Populations 
FDX 44.99-52.88 Satt381 - 
Satt240 
Misuzudaizu x Moshidou 
Gong 503 
Moshidou Gong 
503 (R) 
8.7 Yamanaka et al., 2012 
FDS 45.74-50.93 Satt167 - 
Satt617 
A95-684043 x LS98-
0582 
LS98-0582 (R) 13.
0 
Swaminathan et al., 2016 
FDX 45.74-46.63 Satt167 - 
Satt518 
MD96-5722 x Spencer Spencer (S) 0.5 Anderson et al., 2015 
Genome Wide Association Studies 
FDI 104.79 – 
108.19 
Satt196 – 
Sat-126 
P1 (Diverse Soy 
cultivars) 
N/A 11.
6 
Wen et al., 2014 
†
Assessment used to identify the QTL; FDI = foliar disease incidence, FDS = foliar disease severity, FDX = foliar disease index  
‡
QTL position based on composite interval mapping (www.soybase.org) 
§
The desired parental allele contributed by the parent listed in the publication is in parenthesis.  If not listed, estimated additive effect 
was used.  If neither was listed then is indicated as N/A = not available. Desired parent phenotypic reaction to SDS is 
indicated, R= resistant; S= susceptible 
 
  
4
5
 
Table 10. Quantitative trait loci (QTL) associated with resistance to Fusarium virguliforme on Chr 10 (LG O). 
Disease 
Assessment
† 
Position (cM) 
on Soybase
‡
 
Flanking 
SSR 
markers 
Population Desired 
Parental Allele
§
 
R
2
 
(%) 
Reference 
Bi-Parental Populations 
FDX 24.61-38.09 Sat_318 - 
Satt653 
MD96-5722 x Spencer MD96-5722 (R) 0.04 Anderson et al., 2015 
FDS 51.00-53.66 Sat_221 - 
Satt466 
A95-684043 x LS98-
0582 
A95-684043 (S) 5.0 Swaminathan et al., 2016 
FDS 129.30-133.00 Sat_108 - 
SSR4037_1 
PI438489B x Hamilton N/A 19.3 Kassem et al., 2012 
†
Assessment used to identify the QTL; FDS = foliar disease severity, FDX = foliar disease index  
‡
QTL position based on composite interval mapping (www.soybase.org) 
§
The desired parental allele contributed by the parent listed in the publication is in parenthesis.  If not listed, estimated additive effect 
was used.  If neither was listed then is indicated as N/A = not available. Desired parent phenotypic reaction to SDS is 
indicated, R= resistant; S= susceptible 
  
4
6
 
Table 11. Quantitative trait loci (QTL) associated with resistance to Fusarium virguliforme on Chr 11 (LG B1). 
Disease 
Assessment
† 
Position (cM) 
on Soybase
‡
 
Flanking 
SSR 
markers 
Population Desired 
Parental Allele
§
 
R
2
 
(%) 
Reference 
Bi-Parental Populations 
FDS 57.91-80.88 Satt519 - 
Satt332 
PI438489B x Hamilton N/A 3.4 Kassem et al., 2012 
FDI 82.88-84.19 Satt583 - 
Satt415 
Essex x Forrest N/A 37.0 Yuan et al., 2012 
Genome Wide Association Studies 
FDI 100.87-125.73 Sat_123 - 
Sat_331 
P1 (Diverse Soy 
cultivars) 
N/A 5.6 Wen et al., 2014 
†
Assessment used to identify the QTL; FDI = foliar disease incidence, FDS = foliar disease severity 
‡
QTL position based on composite interval mapping (www.soybase.org) 
§
The desired parental allele contributed by the parent listed in the publication is in parenthesis.  If not listed, estimated additive effect 
was used.  If neither was listed then is indicated as N/A = not available. Desired parent phenotypic reaction to SDS is 
indicated, R= resistant; S= susceptible 
 
 
  
4
7
 
Table 12. Quantitative trait loci (QTL) associated with resistance to Fusarium virguliforme on Chr 13 (LG F). 
Disease 
Assessment
† 
Position (cM) 
on Soybase
‡
 
Flanking 
SSR 
markers 
Population Desired 
Parental Allele
§
 
R
2
 
(%) 
Reference 
Bi-Parental Populations 
FDX 1.79-3.11 Sat_390 - 
Sat_387 
MD96-5722 x Spencer MD96-5722 (R) 0.1 Anderson et al., 2015 
FDS 18.12-33.18 Satt149 - 
Satt160 
Essex x Forrest Forrest (R) 16.9 Kassem et al., 2007 
FDS 27.87-33.18 Sat_039 - 
Satt160 
Essex x Forrest Forrest (R) 20.0 Yuan et al., 2012 
FDX 27.87-33.18 Sat_039 - 
Satt160 
Essex x Forrest Forrest (R) 19.0 Yuan et al., 2012 
FDX 66.55-74.12 Sat_234 - 
Sct_033 
Essex x Forrest Essex (S) 10.2 Kassem et al., 2007 
Yield 71.41-78.05 Satt510 - 
Satt334 
Essex x Forrest N/A 61.8 Kassem et al., 2006 
FDI 72.97-130.63 Sat_317 - 
Sat_090 
MN1606 x Spencer Spencer (S) 11.3 Luckew et al., 2017 
FDS 72.97-78.05 Satt334 - 
Sat_317 
A95-684043 x LS94-
3207 
A95-684043 (S) 16.0 Swaminathan et al., 2016 
FDS 74.12-78.05 Sct_033 - 
Satt334 
A95-684043 x LS98-
0582 
LS98-0582 (R) 12.0 Swaminathan et al., 2016 
†
Assessment used to identify the QTL; FDI = foliar disease incidence, FDS = foliar disease severity, FDX = foliar disease index, Yield 
= increased yield under symptom expression 
‡
QTL position based on composite interval mapping (www.soybase.org) 
§
The desired parental allele contributed by the parent listed in the publication is in parenthesis.  If not listed, estimated additive effect 
was used.  If neither was listed then is indicated as N/A = not available. Desired parent phenotypic reaction to SDS is 
indicated, R= resistant; S= susceptible
  
4
8
 
 
Table 12. (Continued)  
Disease 
Assessment
† 
Position (cM) 
on Soybase
‡
 
Flanking 
SSR 
markers 
Population Desired 
Parental Allele
§
 
R
2
 
(%) 
Reference 
Genome Wide Association Studies 
FDI 18.12-33.18 Satt149 - 
Satt160 
P1 (Diverse Soy 
cultivars) 
N/A 7.2 Wen et al., 2014 
FDS 68.91 - 75.97 Sat_154 - 
Sat_120 
Germplasm Accessions N/A 6.0 Zhang et al., 2015 
FDX 85.33-87.01 Sct_188 - 
Satt072 
P2 (Elite Public Soy 
Lines) 
N/A 5.7 Wen et al., 2014 
†
Assessment used to identify the QTL; FDI = foliar disease incidence, FDS = foliar disease severity, FDX = foliar disease index, Yield 
= increased yield under symptom expression 
‡
QTL position based on composite interval mapping (www.soybase.org) 
§
The desired parental allele contributed by the parent listed in the publication is in parenthesis.  If not listed, estimated additive effect 
was used.  If neither was listed then is indicated as N/A = not available. Desired parent phenotypic reaction to SDS is 
indicated, R= resistant; S= susceptible 
 
 
  
4
9
 
Table 13. Quantitative trait loci (QTL) associated with resistance to Fusarium virguliforme on Chr 14 (LG B2). 
Disease 
Assessment
† 
Position (cM) 
on Soybase
‡
 
Flanking 
SSR 
markers 
Population Desired 
Parental Allele
§
 
R
2
 
(%) 
Reference 
Bi-Parental Populations 
FDX 17.77-56.95 Satt467 - 
Satt416 
MD96-5722 x Spencer Spencer (S) 6.4 Anderson et al., 2015 
FDX 31.87 - 67.73 Sat_287 - 
Satt601 
MN1606 x Spencer MN1606 (R) 34.4 Luckew et al., 2017 
Rot 67.73-87.58 Satt601 - 
Satt534 
MN1606 x Spencer MN1606 (R) 26.8 Luckew et al., 2017 
Genome Wide Association Studies 
FDI 20.30-27.62 Sat_342 - 
Satt126 
P1 (Diverse Soy 
cultivars) 
N/A 5.3 Wen et al., 2014 
†
Assessment used to identify the QTL; FDI = foliar disease incidence, FDX = foliar disease index, Rot = root rot severity 
‡
QTL position based on composite interval mapping (www.soybase.org) 
§
The desired parental allele contributed by the parent listed in the publication is in parenthesis.  If not listed, estimated additive effect 
was used.  If neither was listed then is indicated as N/A = not available. Desired parent phenotypic reaction to SDS is 
indicated, R= resistant; S= susceptible
  
5
0
 
Table 14. Quantitative trait loci (QTL) associated with resistance to Fusarium virguliforme on Chr 15 (LG E). 
Disease 
Assessment
† 
Position (cM) 
on Soybase
‡
 
Flanking 
SSR 
markers 
Population Desired 
Parental Allele
§
 
R
2
 
(%) 
Reference 
Bi-Parental Populations 
FDX 15.86-34.20 Sat_124 - 
Satt598 
MD96-5722 x Spencer Spencer (S) 0.6 Anderson et al., 2015 
FDX 34.20-56.27 Satt598 - 
Satt369 
MN1606 x Spencer MN1606 (R) 13.0 Luckew et al., 2017 
FDI 39.16-47.50 Sat_273 - 
Sat_136 
MN1606 x Spencer MN1606 (R) 9.7 Luckew et al., 2017 
FDS 44.27-47.50 Satt268 - 
Sat_273 
Minsoy x Noir1 Minsoy (R) 10.0 Njiti et al., 2006 
Genome Wide Association Studies 
FDI 20.79-32.09 Satt720 - 
Satt651 
P2 (Elite Public Soy 
Lines) 
N/A 5.8 Wen et al., 2014 
FDX 43.13-44.27 Satt204 - 
Satt268 
P1 (Diverse Soy 
cultivars) 
N/A 7.7 Wen et al., 2014 
†
Assessment used to identify the QTL; FDI = foliar disease incidence, FDS = foliar disease severity, FDX = foliar disease index 
‡
QTL position based on composite interval mapping (www.soybase.org) 
§
The desired parental allele contributed by the parent listed in the publication is in parenthesis.  If not listed, estimated additive effect 
was used.  If neither was listed then is indicated as N/A = not available. Desired parent phenotypic reaction to SDS is 
indicated, R= resistant; S= susceptible
  
5
1
 
Table 15. Quantitative trait loci (QTL) associated with resistance to Fusarium virguliforme on Chr 16 (LG J). 
Disease 
Assessment
† 
Position (cM) 
on Soybase
‡
 
Flanking 
SSR 
markers 
Population Desired 
Parental Allele
§
 
R
2
 
(%) 
Reference 
Bi-Parental Populations 
FDS 23.91-27.99 Sat_228 - 
Sat_339 
Essex x Forrest Essex (S) 10.2 Kassem et al., 2007 
FDX 25.51-39.18 Satt285 - 
Satt132 
Essex x Forrest Essex (S) 39.0 Yuan et al., 2012 
FDS 27.99-38.70 Sat_339 - 
Satt280 
A95-684043 x LS94-
3207 
LS94-3207 (R) 5.2 Swaminathan et al., 2016 
FDX 27.99-33.88 Sat_339 - 
Satt693 
MD96-5722 x Spencer MD96-5722 (R) 0.9 Anderson et al., 2015 
FDS 32.09-44.68 Sct_065 - 
Sct_001 
GC89045-13-1 x 
GC87018-12-2B-1 
GC87018-12-
2B-1 (R) 
N/A Sanitchon et al., 2004 
FDI 65.04-78.57 Satt244 - 
Satt431 
MN1606 x Spencer MN1606 (R) 11.8 Luckew et al., 2017 
†
Assessment used to identify the QTL; FDI = foliar disease incidence, FDS = foliar disease severity, FDX = foliar disease index 
‡
QTL position based on composite interval mapping (www.soybase.org) 
§
The desired parental allele contributed by the parent listed in the publication is in parenthesis.  If not listed, estimated additive effect 
was used.  If neither was listed then is indicated as N/A = not available. Desired parent phenotypic reaction to SDS is 
indicated, R= resistant; S= susceptible 
 
 
 
  
5
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Table 16. Quantitative trait loci (QTL) associated with resistance to Fusarium virguliforme on Chr 17 (LG D2). 
Disease 
Assessment
† 
Position (cM) 
on Soybase
‡
 
Flanking 
SSR 
markers 
Population Desired 
Parental Allele
§
 
R
2
 
(%) 
Reference 
Bi-Parental Populations 
FDS 76.69-79.23 Sat_222 - 
Satt389 
PI567374 x Omaha PI567374 (R) 11.0 de Farias Neto et al., 2007 
FDX 79.23-91.20 Satt389 - 
Satt615 
Ripley x Spencer Ripley (R) 14.0 de Farias Neto et al., 2007 
FDX 80.19-91.20 Satt461 - 
Satt615 
Ripley x Spencer Ripley (R) 13.0 Hashmi, 2004 
Rot 87.66-92.12 Satt574-
Sat_001 
Flyer x Hartwig Flyer (S) 10.0 Yuan et al., 2012 
FDS 87.66-92.12 Satt574-
Sat_001 
Pyramid x Douglas Pyramid (R) 22.0 Yuan et al., 2012 
Rot 87.66-92.12 Satt574-
Sat_001 
Flyer x Hartwig Flyer (S) 25.2 Kazi et al., 2008 
Genome Wide Association Studies 
FDS 16.76 - 24.52 Satt328 - 
Satt458 
Germplasm Accessions N/A 6.0 Zhang et al., 2015 
RDW 85.15 - 92.12 Satt226 - 
Sat_001 
Germplasm Accessions N/A N/A Bao et al., 2015 
SDW 85.15 - 92.12 Satt226 - 
Sat_001 
Germplasm Accessions N/A N/A Bao et al., 2015 
†
Assessment used to identify the QTL; FDS = foliar disease severity, FDX = foliar disease index, SDW = shoot dry weight, Rot = root 
rot severity, RDW = root dry weight 
‡
QTL position based on composite interval mapping (www.soybase.org) 
§
The desired parental allele contributed by the parent listed in the publication is in parenthesis.  If not listed, estimated additive effect 
was used.  If neither was listed then is indicated as N/A = not available. Desired parent phenotypic reaction to SDS is 
indicated, R= resistant; S= susceptible 
 
  
5
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Table 17. Quantitative trait loci (QTL) associated with resistance to Fusarium virguliforme on Chr 18 (LG G). 
Disease 
Assessment
† 
Position (cM) 
on Soybase
‡
 
Flanking 
SSR 
markers 
Population Desired 
Parental Allele
§
 
R
2
 
(%) 
Reference 
Bi-Parental Populations 
FDI 0.00-0.50 Satt163 - 
Satt214 
Essex x Forrest Forrest (R) 24.2 Iqbal et al., 2001 
Rot 0.00-3.70 Satt163 - 
Sat_210 
Flyer x Hartwig Hartwig (R) 28.0 Prabhu et al., 1999 
FDI 0.00-4.53 Satt163-
Satt309 
Pyramid x Douglas Pyramid (R) 16.0 Njiti et al., 2002 
FDS 0.00-4.53 Satt163-
Satt309 
Pyramid x Douglas Pyramid (R) 16.0 Yuan et al., 2012 
Rot 0.00-4.53 Satt163-
Satt309 
Flyer x Hartwig Hartwig (R) 28.1 Kazi et al., 2008 
Rot 0.00-4.53 Satt163-
Satt309 
Flyer x Hartwig Hartwig (R) 28.1 Yuan et al., 2012 
FDX 0.00-4.53 Satt163-
Satt309 
Essex x Forrest Forrest (R) 63.0 Meksem et al., 1999 
FDX 0.50-2.20 Satt214 - 
Satt275 
Essex x Forrest N/A 7.5 Kassem et al., 2006 
FDI 2.20-10.92 Satt275 - 
Satt610 
Essex x Forrest Forrest (R) 20.0 Chang et al., 1996 
FDI 2.20-10.92 Satt275 - 
Satt610 
Essex x Forrest Forrest (R) 16.3 Iqbal et al., 2001 
†
Assessment used to identify the QTL; FDI = foliar disease incidence, FDS = foliar disease severity, FDX = foliar disease index, Rot = 
root rot  
‡
QTL position based on composite interval mapping (www.soybase.org) 
§
The desired parental allele contributed by the parent listed in the publication is in parenthesis.  If not listed, estimated additive effect 
was used.  If neither was listed then is indicated as N/A = not available. Desired parent phenotypic reaction to SDS is 
indicated, R= resistant; S= susceptible
  
5
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Table 17. (Continued) 
Disease 
Assessment
† 
Position (cM) 
on Soybase
‡
 
Flanking 
SSR 
markers 
Population Desired 
Parental Allele
§
 
R
2
 
(%) 
Reference 
Bi-Parental Populations 
FDS 2.20-10.92 Satt275 - 
Satt610 
Essex x Forrest Forrest (R) 12.0 Chang et al., 1996 
Rot 2.20-10.92 Satt275 - 
Satt610 
Essex x Forrest Forrest (R) 47.0 Njiti et al., 1998 
Rot 4.53-9.18 Satt309 - 
Sat_141 
Essex x Forrest Forrest (R) 38.0 Meksem et al., 1999 
FDI 12.74-23.10 Satt570 - 
Satt130 
Essex x Forrest Forrest (R) 19.2 Iqbal et al., 2001 
FDI 21.88-27.48 Satt235-
Sat_315 
Essex x Forrest Forrest (R) 16.0 Chang et al., 1996 
FDS 21.88-27.48 Satt235-
Sat_315 
Essex x Forrest Forrest (R) 20.0 Chang et al., 1996 
FDX 21.88-27.48 Satt235-
Sat_315 
Flyer x Hartwig Hartwig (R) 12.9 Kazi et al., 2008 
FDX 21.88-27.48 Satt235-
Sat_315 
Flyer x Hartwig Hartwig (R) 13.0 Yuan et al., 2012 
FDI 23.10-33.25 Satt130 - 
Satt324 
Essex x Forrest Forrest (R) 12.6 Iqbal et al., 2001 
†
Assessment used to identify the QTL; FDI = foliar disease incidence, FDS = foliar disease severity, FDX = foliar disease index, Rot = 
root rot  
‡
QTL position based on composite interval mapping (www.soybase.org) 
§
The desired parental allele contributed by the parent listed in the publication is in parenthesis.  If not listed, estimated additive effect 
was used.  If neither was listed then is indicated as N/A = not available. Desired parent phenotypic reaction to SDS is 
indicated, R= resistant; S= susceptible
  
5
5
 
 
Table 17. (Continued) 
Disease 
Assessment
† 
Position (cM) 
on Soybase
‡
 
Flanking 
SSR 
markers 
Population Desired 
Parental Allele
§
 
R
2
 
(%) 
Reference 
Bi-Parental Populations 
FDI 33.25-52.93 Satt324 - 
Satt594 
Essex x Forrest N/A 35.0 Yuan et al., 2012 
Rot 43.77-51.68 Satt115-
Satt427 
Flyer x Hartwig Hartwig (R) 38.5 Kazi et al., 2008 
Rot 43.77-51.68 Satt115-
Satt427 
Flyer x Hartwig Hartwig (R) 12.9 Yuan et al., 2012 
FDS 96.57-107.75 Satt191 - 
Sat_372 
PI438489B x Hamilton N/A 8.8 Kassem et al., 2012 
Rot 96.57-107.75 Satt191 - 
Sat_372 
PI438489B x Hamilton N/A 33.3 Kassem et al., 2012 
†
Assessment used to identify the QTL; FDI = foliar disease incidence, FDS = foliar disease severity, FDX = foliar disease index, Rot = 
root rot  
‡
QTL position based on composite interval mapping (www.soybase.org) 
§
The desired parental allele contributed by the parent listed in the publication is in parenthesis.  If not listed, estimated additive effect 
was used.  If neither was listed then is indicated as N/A = not available. Desired parent phenotypic reaction to SDS is 
indicated, R= resistant; S= susceptible
  
5
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Table 17. (Continued) 
Disease 
Assessment
† 
Position (cM) 
on Soybase
‡
 
Flanking 
SSR 
markers 
Population Desired 
Parental Allele
§
 
R
2
 
(%) 
Reference 
Genome Wide Association Studies 
FDX 1.84-4.53 Satt038 - 
Satt309 
P2 (Elite Public Soy 
Lines) 
N/A 9.3 Wen et al, 2014 
FDX 3.70-4.53 Sat_210 - 
Satt309 
P1 (Diverse Soy 
cultivars) 
N/A 10.6 Wen et al, 2014 
FDI 4.53-9.18 Satt309 - 
Sat_141 
P2 (Elite Public Soy 
Lines) 
N/A 8.3 Wen et al, 2014 
FDI 9.18-10.92 Sat_141 - 
Satt610 
P2 (Elite Public Soy 
Lines) 
N/A 9.5 Wen et al, 2014 
FDS 61.63 - 80.37 Sat_223 - 
Satt612 
Germplasm Accessions N/A 8.0 Zhang et al., 2015 
RDW 94.83 - 108.69 Satt472 - 
Sat_064 
Germplasm Accessions N/A N/A Bao et al., 2015 
SDW 94.83 - 108.69 Satt472 - 
Sat_064 
Germplasm Accessions N/A N/A Bao et al., 2015 
†
Assessment used to identify the QTL; FDI = foliar disease incidence, FDS = foliar disease severity, FDX = foliar disease index, SDW 
= shoot dry weight, RDW = root dry weight 
‡
QTL position based on composite interval mapping (www.soybase.org) 
§
The desired parental allele contributed by the parent listed in the publication is in parenthesis.  If not listed, estimated additive effect 
was used.  If neither was listed then is indicated as N/A = not available. Desired parent phenotypic reaction to SDS is 
indicated, R= resistant; S= susceptible 
 
 
  
5
7
 
Table 18. Quantitative trait loci (QTL) associated with resistance to Fusarium virguliforme on Chr 19 (LG L). 
Disease 
Assessment
† 
Position (cM) 
on Soybase
‡
 
Flanking 
SSR 
markers 
Population Desired 
Parental Allele
§
 
R
2
 
(%) 
Reference 
Bi-Parental Populations 
FDX 55.50-64.66 Sat_340 - 
Satt448 
MD96-5722 x Spencer Spencer (S) 0.01 Anderson et al., 2015 
FDS 61.34-93.88 Satt076 - 
Satt229 
PI438489B x Hamilton N/A 17.7 Kassem et al., 2012 
FDX 61.34-68.26 Satt076 - 
Sat_113 
Ripley x Spencer Ripley (R) 9.0 Hashmi, 2004 
FDX 64.66-66.51 Satt448 - 
Satt166 
Ripley x Spencer Ripley (R) 14.0 de Farias Neto et al., 2007 
FDS 78.23-92.00 Sat_099 - 
Satt006 
Minsoy x Noir1 Minsoy (R) 7.0 Njiti et al., 1998 
Genome Wide Association Studies 
FDS 19.93 - 23.54 Satt238 - 
Satt388 
Germplasm Accessions N/A 6.0 Zhang et al., 2015 
FDI 34.54-36.04 Satt313 - 
Satt613 
P1 (Diverse Soy 
cultivars) 
N/A 5.8 Wen et al., 2014 
FDS 38.16 - 41.00 Satt284 - 
Satt462 
Germplasm Accessions N/A 8.0 Zhang et al., 2015 
†
Assessment used to identify the QTL; FDI = foliar disease incidence, FDS = foliar disease severity, FDX = foliar disease index 
‡
QTL position based on composite interval mapping (www.soybase.org) 
§
The desired parental allele contributed by the parent listed in the publication is in parenthesis.  If not listed, estimated additive effect 
was used.  If neither was listed then is indicated as N/A = not available. Desired parent phenotypic reaction to SDS is 
indicated, R= resistant; S= susceptible 
 
  
5
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Table 19. Quantitative trait loci (QTL) associated with resistance to Fusarium virguliforme on Chr 20 (LG I). 
Disease 
Assessment
† 
Position (cM) 
on Soybase
‡
 
Flanking 
SSR 
markers 
Population Desired 
Parental Allele
§
 
R
2
 
(%) 
Reference 
Bi-Parental Populations 
FDX 18.50-27.98 Satt571 - 
Satt367 
Misuzudaizu x Moshidou 
Gong 503 
Moshidou Gong 
503 (R) 
6.6 Yamanaka et al., 2006 
FDS 22.84-35.34 Satt562 - 
Satt127 
A95-684043 x LS98-
0582 
LS98-0582 (R) 15.0 Swaminathan et al., 2016 
FDX 27.98-36.40 Satt367 - 
Satt496 
MN1606 x Spencer Spencer (S) 20.0 Luckew et al., 2017 
FDI 36.93-50.11 Satt239 - 
Satt270 
Essex x Forrest Essex (S) 11.5 Iqbal et al., 2001 
FDS 50.11-63.33 Satt270 - 
Satt650 
A95-684043 x LS94-
3207 
LS94-3207 (R) 6.3 Swaminathan et al., 2016 
FDS 55.09-65.62 Sat_268 - 
Sat_104 
A95-684043 x LS94-
3207 
LS94-3207 (R) 6.2 Swaminathan et al., 2016 
FDS 63.33-113.76 Satt650 - 
Sct_189 
A95-684043 x LS94-
3207 
LS94-3207 (R) 5.9 Swaminathan et al., 2016 
FDS 98.38-100.7 Sat_420 - 
Satt148 
PI567374 x Omaha PI567374 (R) 11.0 de Farias Neto et al., 2007 
Genome Wide Association Studies 
FDS 36.93 - 46.22 Satt239 - 
Satt354 
Germplasm Accessions N/A 7.0 Zhang et al., 2015 
†
Assessment used to identify the QTL; FDI = foliar disease incidence, FDS = foliar disease severity, FDX = foliar disease index 
‡
QTL position based on composite interval mapping (www.soybase.org) 
§
The desired parental allele contributed by the parent listed in the publication is in parenthesis.  If not listed, estimated additive effect 
was used.  If neither was listed then is indicated as N/A = not available. Desired parent phenotypic reaction to SDS is 
indicated, R= resistant; S= susceptible 
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Figure 1. Quantitative trait loci (QTL) associated with resistance to Fusarium virguliforme on 
Chr 1(LG D1a) based on flanking SSR markers using composite interval mapping from 
www.Soybase.org. Color indicates the desired parent phenotypic reaction to SDS; Green = 
resistant, Red = susceptible, Black = not available. Lines within each box indicate the disease 
assessment used to identify the QTL; | = foliar disease incidence. / = foliar disease severity, X = 
foliar disease index, blank = root rot severity. 
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Figure 2. Quantitative trait loci (QTL) associated with resistance to Fusarium virguliforme on 
Chr 2(LG D1b) based on flanking SSR markers using composite interval mapping from 
www.Soybase.org. Color indicates the desired parent phenotypic reaction to SDS; Green = 
resistant, Red = susceptible, Black = not available. Lines within each box indicate the disease 
assessment used to identify the QTL; | = foliar disease incidence. / = foliar disease severity, X = 
foliar disease index, blank = root rot severity. 
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Figure 3. Quantitative trait loci (QTL) associated with resistance to Fusarium virguliforme on 
Chr 3(LG N) based on flanking SSR markers using composite interval mapping from 
www.Soybase.org. Color indicates the desired parent phenotypic reaction to SDS; Green = 
resistant, Red = susceptible, Black = not available. Lines within each box indicate the disease 
assessment used to identify the QTL; | = foliar disease incidence. / = foliar disease severity, X = 
foliar disease index, blank = root rot severity.
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Figure 4. Quantitative trait loci (QTL) associated with resistance to Fusarium virguliforme on 
Chr 4(LG C1) based on flanking SSR markers using composite interval mapping from 
www.Soybase.org. Color indicates the desired parent phenotypic reaction to SDS; Green = 
resistant, Red = susceptible, Black = not available. Lines within each box indicate the disease 
assessment used to identify the QTL; | = foliar disease incidence. / = foliar disease severity, X = 
foliar disease index, blank = root rot severity.
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Figure 5. Quantitative trait loci (QTL) associated with resistance to Fusarium virguliforme on 
Chr 5(LG A1) based on flanking SSR markers using composite interval mapping from 
www.Soybase.org. Color indicates the desired parent phenotypic reaction to SDS; Green = 
resistant, Red = susceptible, Black = not available. Lines within each box indicate the disease 
assessment used to identify the QTL; | = foliar disease incidence. / = foliar disease severity, X = 
foliar disease index, blank = root rot severity.
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Figure 6. Quantitative trait loci (QTL) associated with resistance to Fusarium virguliforme on Chr 6(LG C2) based on flanking SSR 
markers using composite interval mapping from www.Soybase.org. Color indicates the desired parent phenotypic reaction to SDS; 
Green = resistant, Red = susceptible, Black = not available. Lines within each box indicate the disease assessment used to identify the 
QTL; | = foliar disease incidence. / = foliar disease severity, X = foliar disease index, blank = root rot severity.
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Figure 7. Quantitative trait loci (QTL) associated with resistance to Fusarium virguliforme on 
Chr 7(LG M) based on flanking SSR markers using composite interval mapping from 
www.Soybase.org. Color indicates the desired parent phenotypic reaction to SDS; Green = 
resistant, Red = susceptible, Black = not available. Lines within each box indicate the disease 
assessment used to identify the QTL; | = foliar disease incidence. / = foliar disease severity, X = 
foliar disease index, blank = root rot severity.
Sat_3911.0
Satt20113.6
Sat_31621.0
Satt54035.8
Sat_24448.9
Satt22056.3
Satt17567.0
Satt65576.4
Satt69785.3
Satt55195.4
Satt250107.7
Satt346112.8
Sat_147122.4
Satt336133.8
Sat_330140.7
W
e
n
 e
t a
l., 2
0
1
4
 F
D
X
 fro
m
 (N
/A
)
S
w
a
m
in
a
th
a
n
 e
t a
l., 2
0
1
6
 F
D
S
 fro
m
 (R
)
W
e
n
 e
t a
l., 2
0
1
4
 F
D
S
 fro
m
 (N
/A
)
Chr 7 / LG M
Sat_3830.0
Satt3909.1
Sat_40625.9
Sat_40935.7
Satt31545.3
Satt18754.9
Satt34177.7
Satt08987.6
Satt52597.0
Satt437107.1
Satt470116.7
Satt133125.4
Sat_294132.0
Satt409145.6
Satt228154.1
Satt429162.0
S
w
a
m
in
a
th
a
n
 e
t a
l., 2
0
1
6
 F
D
S
 fro
m
 (S
) W
e
n
 e
t a
l., 2
0
1
4
 F
D
X
 fro
m
 (N
/A
)
S
w
a
m
in
a
th
a
n
 e
t a
l., 2
0
1
6
 F
D
S
 fro
m
 (R
)
K
a
s
s
e
m
 e
t a
l., 2
0
1
2
 F
D
S
 fro
m
 (N
/A
)
K
a
s
s
e
m
 e
t a
l., 2
0
1
2
 F
D
S
 fro
m
 (N
/A
)
S
w
a
m
in
a
th
a
n
 e
t a
l., 2
0
1
6
 F
D
S
 fro
m
 (S
)
H
a
s
h
m
i, 2
0
0
4
 F
D
X
 fro
m
 (R
)
Z
h
a
n
g
 e
t a
l., 2
0
1
5
 F
D
S
 fro
m
 (N
/A
)
Chr 8 / LG A2
66 
 
 
Figure 8. Quantitative trait loci (QTL) associated with resistance to Fusarium virguliforme on 
Chr 8(LG A2) based on flanking SSR markers using composite interval mapping from 
www.Soybase.org. Color indicates the desired parent phenotypic reaction to SDS; Green = 
resistant, Red = susceptible, Black = not available. Lines within each box indicate the disease 
assessment used to identify the QTL; | = foliar disease incidence. / = foliar disease severity, X = 
foliar disease index, blank = root rot severity.
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Figure 9. Quantitative trait loci (QTL) associated with resistance to Fusarium virguliforme on 
Chr 9(LG K) based on flanking SSR markers using composite interval mapping from 
www.Soybase.org. Color indicates the desired parent phenotypic reaction to SDS; Green = 
resistant, Red = susceptible, Black = not available. Lines within each box indicate the disease 
assessment used to identify the QTL; | = foliar disease incidence. / = foliar disease severity, X = 
foliar disease index, blank = root rot severity.
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Figure 10. Quantitative trait loci (QTL) associated with resistance to Fusarium virguliforme on 
Chr 10(LG O) based on flanking SSR markers using composite interval mapping from 
www.Soybase.org. Color indicates the desired parent phenotypic reaction to SDS; Green = 
resistant, Red = susceptible, Black = not available. Lines within each box indicate the disease 
assessment used to identify the QTL; | = foliar disease incidence. / = foliar disease severity, X = 
foliar disease index, blank = root rot severity.
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Figure 11. Quantitative trait loci (QTL) associated with resistance to Fusarium virguliforme on 
Chr 11(LG B1) based on flanking SSR markers using composite interval mapping from 
www.Soybase.org. Color indicates the desired parent phenotypic reaction to SDS; Green = 
resistant, Red = susceptible, Black = not available. Lines within each box indicate the disease 
assessment used to identify the QTL; | = foliar disease incidence. / = foliar disease severity, X = 
foliar disease index, blank = root rot severity.
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Figure 12. Quantitative trait loci (QTL) associated with resistance to Fusarium virguliforme on 
Chr 13(LG F) based on flanking SSR markers using composite interval mapping from 
www.Soybase.org. Color indicates the desired parent phenotypic reaction to SDS; Green = 
resistant, Red = susceptible, Black = not available. Lines within each box indicate the disease 
assessment used to identify the QTL; | = foliar disease incidence. / = foliar disease severity, X = 
foliar disease index, blank = root rot severity.
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Figure 13. Quantitative trait loci (QTL) associated with resistance to Fusarium virguliforme on 
Chr 14(LG B2) based on flanking SSR markers using composite interval mapping from 
www.Soybase.org. Color indicates the desired parent phenotypic reaction to SDS; Green = 
resistant, Red = susceptible, Black = not available. Lines within each box indicate the disease 
assessment used to identify the QTL; | = foliar disease incidence. / = foliar disease severity, X = 
foliar disease index, blank = root rot severity.
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Figure 14. Quantitative trait loci (QTL) associated with resistance to Fusarium virguliforme on 
Chr 15(LG E) based on flanking SSR markers using composite interval mapping from 
www.Soybase.org. Color indicates the desired parent phenotypic reaction to SDS; Green = 
resistant, Red = susceptible, Black = not available. Lines within each box indicate the disease 
assessment used to identify the QTL; | = foliar disease incidence. / = foliar disease severity, X = 
foliar disease index, blank = root rot severity.
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Figure 15. Quantitative trait loci (QTL) associated with resistance to Fusarium virguliforme on 
Chr 16(LG J) based on flanking SSR markers using composite interval mapping from 
www.Soybase.org. Color indicates the desired parent phenotypic reaction to SDS; Green = 
resistant, Red = susceptible, Black = not available. Lines within each box indicate the disease 
assessment used to identify the QTL; | = foliar disease incidence. / = foliar disease severity, X = 
foliar disease index, blank = root rot severity.
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Figure 16. Quantitative trait loci (QTL) associated with resistance to Fusarium virguliforme on 
Chr 17(LG D2) based on flanking SSR markers using composite interval mapping from 
www.Soybase.org. Color indicates the desired parent phenotypic reaction to SDS; Green = 
resistant, Red = susceptible, Black = not available. Lines within each box indicate the disease 
assessment used to identify the QTL; | = foliar disease incidence. / = foliar disease severity, X = 
foliar disease index, blank = root rot severity.
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Figure 17. Quantitative trait loci (QTL) associated with resistance to Fusarium virguliforme on Chr 18(LG G) based on flanking SSR 
markers using composite interval mapping from www.Soybase.org. Color indicates the desired parent phenotypic reaction to SDS; 
Green = resistant, Red = susceptible, Black = not available. Lines within each box indicate the disease assessment used to identify the 
QTL; | = foliar disease incidence. / = foliar disease severity, X = foliar disease index, blank = root rot severity.
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Figure 18. Quantitative trait loci (QTL) associated with resistance to Fusarium virguliforme on 
Chr 19(LG L) based on flanking SSR markers using composite interval mapping from 
www.Soybase.org. Color indicates the desired parent phenotypic reaction to SDS; Green = 
resistant, Red = susceptible, Black = not available. Lines within each box indicate the disease 
assessment used to identify the QTL; | = foliar disease incidence. / = foliar disease severity, X = 
foliar disease index, blank = root rot severity.
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Figure 19. Quantitative trait loci (QTL) associated with resistance to Fusarium virguliforme on 
Chr 20(LG I) based on flanking SSR markers using composite interval mapping from 
www.Soybase.org. Color indicates the desired parent phenotypic reaction to SDS; Green = 
resistant, Red = susceptible, Black = not available. Lines within each box indicate the disease 
assessment used to identify the QTL; | = foliar disease incidence. / = foliar disease severity, X = 
foliar disease index, blank = root rot severity
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CHAPTER 2. 
‘MN1606SP’ BY ‘SPENCER’ FILIAL SOYBEAN POPULATION REVEALS 
NOVEL QUANTITATIVE TRAIT LOCI AND INTERACTIONS AMONG 
LOCI CONITIONING SDS RESISTANCE 
 
Manuscript published  
Luckew, A.S., S. Swaminathan, L.F. Leandro, J.H. Orf, and S.R. Cianzio. 2017.  Theoretical and 
Applied Genetics, doi: 10.1007/s00122-017-2947-8 
  
 
Abstract 
 
Soybean sudden death syndrome (SDS) reduces soybean yield in most of the growing areas of 
the world.  The causal agent of SDS, soilborne fungus Fusarium virguliforme (Fv), releases 
phytotoxins taken up by the plant to produce chlorosis and necrosis in the leaves. Planting 
resistant cultivars is the most successful management practice to control the disease. The 
objective of this study was to identify quantitative trait loci (QTL) associated with the resistance 
response of MN1606SP to SDS.  A mapping population of F2:3 lines created by crossing the 
highly resistant cultivar ‘MN1606SP’ and the susceptible cultivar ‘Spencer’ was phenotyped in 
the greenhouse at three different planting times, each with three replications.  Plants were 
artificially inoculated using SDS infested sorghum homogeneously mixed with the soil. Data 
were collected on three disease criteria, foliar disease incidence (DI), foliar leaf scorch disease 
severity (DS), and root rot severity. Disease index (DX) was calculated as DI x DS. Ten QTL 
were identified for the different disease assessment criteria, three for DI, four for DX, and three 
for root rot severity. Three QTL identified for root rot severity and one QTL for disease 
incidence are considered novel, since no previous reports related to these QTL are available. 
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Among QTL, two interactions were detected between four different QTL. The interactions 
suggest that resistance to SDS is not only dependent on additive gene effects.  The novel QTL 
and the interactions observed in this study will be useful to soybean breeders for improvement of 
SDS resistance in soybean germplasm. 
Introduction 
Sudden death syndrome (SDS), a soilborne disease of soybean [Glycine max (L.) Merr.]  
in the U.S. caused by the fungus Fusarium virguliforme (Fv), is an important yield deterrent. In 
2014, losses were estimated at 1.7 million metric tons, ranking the disease as the second worst in 
the United States (Bradley and Allen, 2014).  Yield losses from 5 to 15%, and up to 80% have 
also been reported (Roy et al, 1997), depending on the prevalent environmental conditions 
(Leandro et al., 2013). The fungus colonizes the soybean root causing a rot, identified by brown 
to black discoloration in the excised roots (Roy, 1997).  Once the mycelium colonizes the root 
and hyphae penetrate the xylem (Navi and Yang, 2008), a phytotoxin(s) produced by the fungus 
is translocated to the leaves causing chlorotic and necrotic symptoms (Brar et al., 2011; Jin et al., 
1996; Chang et al., 2016). The fungus however, has never been isolated from the leaf tissue. 
The field management of the Fv causing disease is difficult.  The production of 
chlamydospores by F. virguliforme and its wide host range make crop rotation a somewhat 
ineffective management strategy (Kolander et al, 2012; Marburger et al, 2014). The results of 
using fungicides as seed treatments have been variable, some having no effect (Weems et al, 
2015; Chilvers et al, 2011), while others reduce the symptoms (Mueller et al., 2011; Kandel et 
al., 2016).  It has been shown that delaying planting to avoid cold and wet soils is a strategy to 
disfavor SDS disease development (Leandro et al., 2013).  The planting of resistant cultivars is 
80 
 
however, the most successful strategy. Unfortunately, no commercial cultivars showing complete 
resistance to Fv and to the disease SDS are available.  
Breeding and development of Fv resistant cultivars is an involved process due to the 
quantitative inheritance of the SDS disease resistance trait.  In four populations of maturity 
groups IV and later, and applying SSR, RAPD, RFLP, or SNP molecular markers,  75 marker 
trait associations were listed (de Farias-Neto et al., 2007; Hnetkovsky et al., 1996; Meksem et al., 
1999; Iqbal et al., 2001; Njiti et al., 2002; Kassem et al., 2006, 2007,2012; Kazi et al., 2008; 
Prabhu et al., 1999; Srour et al., 2012), on SoyBase: the Soybean Breeder’s Toolbox surveyed on 
April 21, 2017.   
Additional QTL associated with resistance to SDS had been identified although not 
included in the SoyBase data checked on April 21, 2017.  Recently, in the population of MD96-
5722 x ‘Spencer’, 12 additional QTL were mapped with  SNP markers (Anderson et al., 2015). 
Similarly in 2014, a genome wide association study identified 13 additional QTL (Wen et al., 
2014), and two more QTL were also identified in a study in which phenotyping was done using 
the stem cutting assay as the screening protocol (Swaminathan et al., 2015).  Across all available 
studies, the R
2
 values for the QTL ranged from 0.01% (Anderson et al., 2015) to 47% (Njiti et 
al., 1998).     
The need for identifying novel sources of major QTL for SDS disease resistance in 
soybean continues.  The disease has spread into the northern central soybean production region 
of the U.S. (Kurle et al., 2006; Chilvers and Brown-Rytlewski, 2010; Tande et al., 2014) and 
even into Southern Canada (Anderson and Tenuta, 1998), making the search for genotypes of the 
maturity groups (MG) III and earlier with SDS resistance an important need.   
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The MG I food specialty cultivar ‘MN1606SP’, developed by the University of 
Minnesota soybean breeding program in 1994 (Personal communication, Dr. Orf, 2014), is one 
of the most SDS resistant genotypes available in the Southern Illinois University at Carbondale’s 
commercial SDS variety field tests (Personal communication, Cathy Schmidt, 2005).  The results 
were consistent and repeatedly observed since that time although MN1606 was never screened 
nor purposely selected for SDS disease resistance during its development.  The objective of this 
study was therefore to map QTL from this highly SDS disease resistant early-maturing cultivar.  
This mapping effort is one of the first single cross studies conducted on early maturing 
germplasm adapted to the northern soybean production region of the U.S.  To conduct the study, 
a mapping population was developed by crossing MN1606SP to the susceptible cultivar 
‘Spencer’ (Wilcox et al., 1989).  A modified SDS screening protocol developed by Luckew et al. 
(2012) using an increased concentration of SDS inoculum was used as a means to differentiate 
QTL that could have minor effects on the final expression of resistance, thus providing a more 
efficient phenotyping tool than protocols previously used. 
Materials and Methods 
Plant Materials 
For the study, 200 F2:3 derived lines from the cross between ‘MN1606SP’ and ‘Spencer’ 
(Wilcox et al., 1989) were used.  The resistant parent ‘MN1606SP’ was developed by Dr. James 
Orf at the University of Minnesota by crossing M90-764 x M90-2144. The experimental line 
M90-764 was developed from the cross of [‘Evans’ x (‘Anoka’ x ‘Amsoy’)] x [‘Peterson 0877’ x 
(‘Clay’ x ‘Evans’)]. The experimental line M90-2144 originated from the cross of A85-193023 x 
‘Kato’ (Personal communication, Dr. Orf, 2014). The cultivar MN1606SP is resistant to SDS, 
however, there is no information available to determine from which of the ancestor lines the 
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resistance to SDS was derived.  ‘MN1606SP’ was first identified as SDS resistant in the 
Southern Illinois University at Carbondale’s commercial SDS variety field tests in 2005 
(Personal communication, Cathy Schmidt, 2005).   
The mapping population of 200 F2:3 lines was developed at the Iowa State University 
soybean research site located at the Puerto Rico Agricultural Experiment Station, University of 
Puerto Rico, Isabela, Puerto Rico. The F1 seeds were sown on July 2012 and each F1 plant was 
harvested individually.  During the growing season, the hybrid nature of the F1 plants was 
confirmed on the basis of morphological markers.  The F1 plant identity was maintained during 
the subsequent generation advance. F2
 
plants (F3 seed generation), were individually harvested in 
October 2013 to develop F2:3 lines. A total of 200 individual F2:3 lines with sufficient seed 
numbers to conduct replicated tests were used in the study. 
Phenotyping SDS response 
Inoculum preparation and screening medium 
 Inoculum was produced and lines were screened for reactions to SDS according to 
Luckew et al. (2012). The Fusarium virguliforme isolate LL0009, also identified as NE305, was 
obtained in 2006 from a symptomatic plant in Nevada, IA, and used in all runs.  The isolate was 
grown on 1/3 strength potato dextrose agar for one month on a lab bench at room temperature 
exposed to 24-hr 40W fluorescent light.  Two liter Mason jars were filled with 750 ml of white 
milo sorghum [Sorghum bicolor (L.) Moench] seeds and the jars were filled with water to soak 
the seeds for 24 hrs. Afterward, the water was poured out, the jars were autoclaved for 1 h on 
two consecutive days and inoculated with five mycelia plugs (7 mm diameter), of the F. 
virguliforme culture. The jars were shaken daily during 1 minute, kept on a lab bench at room 
temperature and exposed to 24-hr 40W fluorescent light for 2 weeks. In previous experiments 
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(Luckew et al., 2012), qPCR was used to measure the F. virguliforme DNA/mg of infested 
sorghum seed prepared for each run, which  ranged from 21.4 ng to 31.1 ng dry weight. The 
experiment for the present study was run three times with new inoculum prepared following the 
procedure described for each of the runs.   
 A soil mixture consisting of a 1:1 ratio (v/v) of soil and sand was used as the greenhouse 
media. The inoculum was homogeneously mixed by hand with the soil mixture in a 1 part 
inoculum to 20 parts soil mix (v/v).  Negative controls containing sterile non-infested sorghum 
seed were used with the resistant cultivar Ripley (Cooper et al., 1990) and the susceptible 
cultivar Essex (Smith and Camper, 1973). These cultivars were also used as positive controls. 
The non-infested sorghum seed plantings were used to confirm that the original sorghum seed 
used was not contaminated.     
 
Phenotypic data recording 
Foliar disease symptom assessment was done 36 dap, at soybean plant growth stage V2-
V3 (Fehr and Caviness, 1977). Two visual foliar phenotypic SDS disease scores were 
determined, disease incidence (DI), and disease severity (DS), and the third, disease index (DX) 
was calculated.    
Disease incidence was the number of plants showing foliar disease symptoms divided by 
the total number of living plants in the cup. The plants showing SDS foliar leaf chlorosis and 
necrosis symptoms as described by Roy et al. (1997) were scored together as an average for 
disease severity (DS) using a percentage scale from 0 to 100 in unit increments of 5. The plants 
not showing symptoms were excluded from the cup averages for DS. Disease incidence and DS 
were used to calculate DX as      
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DX = DS x DI ÷ (the maximum value DS can be on the scale used) 
For this research, the maximum value of the scale is 100. Since DI is multiplied by 100 to 
obtain a percentage, the mathematical equation reduces to DS x DI. 
At 37 dap, plants were carefully removed from the cups with the root ball intact and the 
roots were washed in warm water. The root area showing dark brown to black discoloration (Roy 
et al. 1997) was visually assessed in a percentage scale from 0 to 100 in increments of 5 of the 
total root area.  Root rot severity was the fourth disease criteria recorded.  
 
Experimental conditions and design 
A plot was considered to be five seeds of each genotype planted into a single 240-ml 
Styrofoam cup at a depth of 2 cm. The cups were placed in a greenhouse room in a randomized 
complete block design.    
The room was maintained at 23.6±5˚C with a 16h photoperiod. According to a sensor on the roof 
of the greenhouse, light intensity ranged from 836 w/m
2 
during peak sunlight to 167 w/m
2
 in the 
mornings and evenings. For the duration of the experiment except on day 21 after planting, each 
cup was watered once daily to maintain soil moisture. To simulate a flood-like event, on day 21 
after planting, the cups were watered twice during the day, once in the morning and again in the 
afternoon. This date was chosen due to this being the first day symptoms usually appear under 
greenhouse conditions. Afterwards the watering was done only once a day, until the end of the 
experiment that occurred 37 days after planting.    
The experiment consisted of three runs, with each genotype planted in three different 
cups and each cup was considered a replication within the run.  The first run was planted in the 
ISU Plant Pathology Greenhouses, Ames, IA on December 10, 2013. The second run was 
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planted in the ISU Agronomy Greenhouses, Ames, IA planted on December 11, 2013. The third 
run was planted on February 17, 2014 in the ISU Agronomy Greenhouses, Ames, IA.  In each 
replication/run, genotypes were the 200 F2:3 lines, the parents of the population and the controls. 
Genotyping and linkage map construction 
Genomic DNA was collected from leaf samples of 12 individual plants per genotype at 
36 dap.  To ensure sufficient amounts of DNA, leaf samples were collected using two of the 
three runs conducted. The DNA from each run was isolated separately following the ‘Small scale 
extraction of high quality DNA’ protocol (CIMMYT, 2005). The DNA was quantified by 
running 2 µl on an agarose gel with a New England Biolabs 1kb ladder. The final number of F2:3 
lines used was 190 as 10 of the 200 lines had extracted DNA that was of poor quality.  The DNA 
samples of the 190 F2:3 lines and that of the parents were sent to Dr. Cregan’s lab (USDA ARS, 
Beltsville, MD) for the Illumina (https://www.illumina.com) Infinium Genotyping assay. The 
BACRSoySNP6K BeadChips (Song et al., 2013) were used for the genotyping assay.  
R/QTL (R Core Team, 2015; Broman et al., 2003) was used to generate the genetic 
linkage map following the guide found on the r/qtl website: 
http://www.rqtl.org/tutorials/geneticmaps.pdf (Browman, 2010). Of the 5,403 markers, 147 were 
missing genotypic data for all the lines and those were removed. The remaining 5,256 markers 
were then observed for homozygosity. There were 3,698 non-segregating homozygous markers 
removed from the 5,256, leaving 1,558 markers. After cleaning the data set for missing data,  and 
setting the minor allele frequency to 0.05, the 1,558 SNP loci  were reduced to 1,326. The 
genetic map created from these 1,326 SNPs covered 2636.7 cM with an average distance of 2.0 
cM between markers on 20 linkage groups (LG) (Table 1) using the Kosambi mapping function. 
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Statistical and QTL analysis 
Normality tests and ANOVA tests were conducted using SAS version 9.3 (SAS Institute, 
2011). Main effects tested were run, replication, genotype, and interactions. All effects were 
considered random.  The MS for genotypes in the ANOVA test were apportioned to the F2:3 lines 
and the parents.  No significant interactions between run and genotype for each of the three foliar 
disease assessments and root rot severity were detected, therefore the interaction terms were 
pooled into the error term. To test for the presence of transgressive segregants, contrast 
statements in PROC GLM were used. Broad sense heritability was calculated using the mean 
squares of the main effects from the ANOVA table. A distribution with skewness of 0 and a 
kurtosis of 3 was considered normal according to Pearson (1895).  
QTL mapping was performed using the composite interval mapping method with a 
window size of 10 cM and five markers as covariates using the function ‘CIM’ in R/QTL (R 
Core Team, 2015; Broman et al., 2003). The interactions and estimated effects were obtained 
using the addint() and fitqtl() functions in R/QTL. To determine the experiment wise error of 
0.05, one thousand permutations were run to estimate the critical LOD threshold values which 
were 3.99, 4.03 and 3.97 for DI, DX, and root rot severity, respectively. The DS QTL mapped to 
regions that overlapped with intervals that DX QTL mapped and none were novel. Since DX 
refers to all plants in the plot rather than individual plant data it was decided not to present the 
DS QTL results. 
Results 
Distributions of phenotypic data 
According to a Shapiro-Wilk test for normality, both DI (p=0.38), and root rot (p=0.66) 
follow normal distribution, while DS (p<0.006) and DX did not (p<0.002).  Considering 
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skewness and kurtosis, both DS and DX are <1.00 for skewness with a normal curve having a 
skewness of 0 and within 1.5 of the standard value of 3 for kurtosis (Figure 1).    
There was a significant effect of genotype (p<0.05) on all phenotypes when partitioning 
out the progeny (Table 2). No significant differences were detected for the interaction term of 
run x genotypes (data not shown).  On this basis, the phenotypic observations of each genotype, 
were combined across runs.  For the three foliar disease assessments, DI, DS, DX and the root 
rot severity data, 16% of the lines had scores that were classified as resistant, and similar to the 
resistant parent ‘MN1606SP’ (data not shown).  For root rot severity, one of the lines however, 
was significantly (p=0.0219) more resistant than ‘MN1606SP’, indicating transgressive 
segregation for the trait.      
The broad sense heritability for foliar symptoms were 0.26 for DI, 0.24 for DS, 0.21 for 
DX, and 0.23 for root rot severity, lower than previously reported (Anderson et al., 2015; 
Santichon et al., 2004).  In the studies, the SDS disease was assessed under different 
environments, which may explain the difference in heritability values.  It has been established 
that the expression of the SDS is highly dependent on environmental conditions (Leandro et al., 
2013). 
Identification of QTL 
A total of ten QTL were identified across seven of the 20 chromosomes in the 
segregating progeny of the cross of ‘MN1606SP’ x ‘Spencer’ (Table 3, Figure 2). A QTL was 
considered novel if the region identified in this study is beyond 15 cM of a previously identified 
QTL for the same disease metric used.  The estimated additive effect values are based on the 
additive effect of an allele substitution for the QTL based on each disease metric, DI, DX, and 
root rot. Positive values mean that the allele from MN1606SP provides greater resistance than 
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the Spencer allele. Three QTL were identified for DI (Table 3, Figure 2) on three chromosomes, 
13 (LG F), 15 (LG E), and 16 (LG J).  On chromosome 13, the peak LOD score for the QTL was 
4.4 and it was found between 71 and 124 cM.  It explained 11.4% of the variation, and had an 
estimated additive effect of -0.1. The QTL on chromosome 15 found between 39 and 48 cM, had 
a peak LOD of 4.3, explained 9.7% of the variation and had an estimated additive effect of 0.1. 
Chromosome 16 had a DI QTL with a LOD score of 4.9, located between 63 and 80 cM 
contributing 11.8% of the total variation and had an estimated additive effect of 0.1. The QTL 
identified on chromosome 16, DI3, is considered novel. 
 Four QTL for DX were found on four chromosomes (Table 3, Figure 2). The QTL 
accounting for the largest percent variation was found on chromosome 14 (LG B2) between 41 
and 68 cM with a LOD score of 13.2, explaining 34.4% of the variation with an estimated 
additive effect of 3.9.  A DX QTL was identified in the same 2 LOD confidence interval as the 
DI QTL (39 to 48 cM) on chromosome 15. For the DX QTL in this interval, the LOD score was 
5.8 accounting for 13.0% of the variation with an estimated additive effect of 3.3. The QTL on 
chromosome 4 (LG C1) between 81 and 85 cM had the lowest LOD score of the DX QTL at 4.1, 
explaining 9.0% of the variation, with an additive effect of 0.4, and a dominance effect of -4.4 
(data not shown in Table 3). Another QTL found in the analysis for DX was on chromosome 20 
(LG I) between 28 and 36 cM with a LOD of 8.5 explaining 20.0% of the variation with an 
estimated additive effect of -0.5.  
 Three QTL were identified for root rot severity located on two different chromosomes, 
one on chromosome 14, and two on chromosome 6 (LG C2), (Table 3, Figure 2). All three of 
these QTL are considered novel. The QTL on chromosome 14 found in the interval between 68 
to 88 cM had a LOD score of 9.2 and explained 26.8% of the variation with an estimated 
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additive effect of 0.6. Chromosome 6 had two QTL 70 cM apart, the first being in a 2 LOD 
interval of 3 to 22 cM with a LOD score of 5.7 explaining 15.6% of the variation and an 
estimated additive effect of 0.8. The second, between 90 and 98 cM, had a LOD of 6.5 
explaining 18.0% of the variation with an estimated additive effect of 1.7.  
For each disease criteria, a multivariate model was constructed that included all the QTL 
associated with it and their interactions (Table 3).  Each model was run through fitqtl() on 
R/QTL, and the R
2
 values were calculated.  The percent variation explained by the models for 
each disease criteria was 36.1% for DI, 14.0% for DX, and 37.0% for the root rot severity. 
Identification of QTL interactions 
The addint() analysis identified an additive by additive interaction between the QTL 
associated with root rot severity on chromosome 14, Rot2,  and that on chromosome 6 that was 
in the interval between 3 to 22 cM, Rot3.  Each region individually has additive effects of 0.6 
and 0.8 located in chromosomes 14 and 6, respectively. When both regions are homozygous for 
the ‘MN1606’ allele, however, this interaction had an estimated additive by additive effect of -
8.7 with a LOD score of 5.4, explaining 14.7% of the variation (Table 3, Figure 3a).   
  While the QTL on chromosome 20 for DX has a relatively small additive effect of  -0.5, 
it was shown to have a statistically significant interaction with the QTL on chromosome 14 
associated with DX, with a LOD 8.0 explaining 18.8% of the variation (Table 3, Figure 3b). The 
interaction is additive by dominance with an estimated joint effect of 8.0. When the QTL on 
chromosome 14 is heterozygous it interacts with the ‘Spencer’ allele to increase disease index 
(Fig. 3b). The heterozygosity level in the random F2:3 mapping population allowed for this 
interaction to be identified. 
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Discussion 
The population of F2:3 lines created from the cross of ‘MN1606SP’ by ‘Spencer’ was 
evaluated for response to Fv artificial infection using three foliar disease assessments parameters, 
disease incidence, disease severity and the calculated disease index, and for root rot severity.  
Within the population, variation was observed for each of the disease assessment criteria and 
also for root rot severity.  Some genotypes were as resistant as the resistant parent MN1606SP, 
and some were visually better.  Among the superior performance progeny, one line was 
classified as a significant (P<0.05) transgressive segregant for root rot severity.  This observation 
may require further characterization to determine its relevance and practical significance in 
breeding.  It is important to note that root rot severity as recorded in the study was a visual 
estimate of the epidermis damage on the root surface, and that it may not be indicative of the 
fungus penetration into the plant pith.  Still the fact that QTL showing significant associations 
with root rot severity and SDS resistance were detected in the study justifies the report of the 
information.  In order to fully comprehend the true nature of these associations, future studies 
might need to consider external visual root rot symptoms and the internal observation of the 
fungus penetration in the root tissue.                   
The broad sense heritability values were generally low for the three foliar disease 
assessment criteria and for root rot severity.  Although the study was conducted under 
greenhouse conditions in which temperature and light intensity were monitored, there still may 
have been some environmental variation in the greenhouse itself that could have modified 
disease expression.  These and previous results (Anderson et al., 2015; Sanitchon et al., 2004) 
may relate to environmental effects on disease expression (Leandro et al., 2013).     
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The study was conducted using SNP markers, which identified ten QTL associated with 
SDS symptom expression.  The QTL were associated with disease incidence, disease index and 
root rot severity. The majority of the QTL in the study mapped to locations where QTL were 
previously identified in different populations. In this study, four QTL were considered novel on 
the basis of being located in regions that were beyond 15 cM of a previously identified QTL for 
the same disease metric. Of the four novel QTL, three were associated with root rot severity and 
one with DI. Some possible explanations for the differences in regions we mapped QTL 
compared to other studies include the types of markers used, the saturation level of the genetic 
maps used in previous studies, and that the QTL are being identified in different populations that 
would likely segregate for different sets of QTL (Yamanaka et al., 2006; Njiti et al., 2002; 
Meksem et al., 1999; Iqbal et al., 2001).  Another reason for the differences might be due to 
differences in environment used in the phenotyping of individuals.  The present study was 
performed in greenhouse conditions, and scores were recorded on plants at the V2-V3 growth 
stage, as opposed to field conditions used in previous studies in which symptoms were scored at 
later V-R stages.  A reason for differences in QTL locations among studies also conducted under 
greenhouse conditions could be the screening protocol applied.  The study reported here utilized 
the protocol devised by Luckew et al. (2012), in which higher concentrations of inoculum are 
implemented than those used in earlier studies (Yamanaka et al., 2006; Njiti et al., 2002; 
Meksem et al., 1999; Iqbal et al., 2001). 
This study also showed large R
2
 values with relatively low additive effects for QTL 
identified for DX and root rot. It is possible the R
2
 values were augmented because the QTL 
were constituent parts of an interaction. Also, some QTL such as DX3 had relatively large 
dominance effects which may have also played a role in increasing the percent variation 
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explained. The presence of these relatively larger dominance effects might be a consequence of 
the F2:3 mapping population used in this study.  While dominance effects may be of limited use 
to soybean breeders, this information may prove useful to researchers considering disease 
epidemiology.    
Of the ten QTL, DX4 for disease index was identified on chromosome 4 and derived 
from the resistant parent, MN1606SP. DX4  mapped to a region previously identified  in which 
Spencer was also the susceptible parent (de Farias Neto et al, 2007; Anderson et al., 2015; 
Hashmi, 2004; Wen et al., 2014; Kassem et al., 2012; Njiti and Lightfoot, 2006).  The resistant 
parents in those populations were, however, different and unrelated to MN1606SP. Two QTL 
identified in this study for root rot severity were mapped to Chromosome 6.   The first, Rot1, 
mapped to a location QTL for SDS resistance  mapped in two other populations, PI 438489B x 
‘Hamilton’ (Kassem et al., 2012) and A95-68403 x LS98-0582 (Swaminathan et al., 2015) 
although different disease assessments criteria were used in the studies. Root rot severity was not 
evaluated in the study conducted by Swaminathan et al. (2015) and the QTL reported by these 
authors was for foliar disease severity. In the PI 438489B x ‘Hamilton’ RIL population, the QTL 
identified on chromosome 6 was also associated with foliar disease severity (Kassem et al., 
2012). Root rot resistance may lead to lower foliar symptom severity since it has been shown the 
fungus needs to reach the xylem for the phytotoxin(s) to be transported to the foliar tissue 
(Gongora-Canul et al., 2012; Navi and Yang, 2008). The second QTL, Rot 3, was within 20 cM 
of a QTL region associated with disease severity (Kassem et al., 2012).  These results suggest 
that both QTL Rot1 and Rot3 are novel as there are no available reports for root rot severity QTL 
previously identified on chromosome 6. 
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For disease incidence, a single QTL was detected on chromosome 13, DI1, that mapped 
to a location previously shown associated with disease index in three different populations 
(Kassem et al, 2007; Wen et al., 2014; Swaminathan et al., 2015). Similar to the present study, 
the beneficial allele was contributed by the susceptible parent in two of the three studies (Kassem 
et al, 2007; Swaminathan et al., 2015). 
Two adjacent QTL regions were identified on chromosome 14 with one associated with 
disease index, DX1, and the other with root rot severity, Rot2. DX1 mapped to a region 
previously identified in a diverse set of soybean cultivars and associated with disease incidence 
(Wen et al., 2014).  In another study a QTL associated with disease index was also reported 
(Anderson et al., 2015). Rot2 was mapped to a region adjacent to the QTL identified for DI and 
DX (Wen et al., 2014; Anderson et al., 2015). No QTL associated with root rot severity 
resistance has been previously mapped to chromosome 14, therefore the Rot2 QTL of our study 
is considered to be novel.  Additional research is required however, to determine if the Rot2 QTL 
might be the same QTL as DX1, since both map to a region that have one common marker.  It 
could also be argued that if Rot2 reduces root rot, this in turn would also reduce DX, further 
suggesting a possible relation between the two QTL.              
QTL on two overlapping regions were mapped on chromosome 15. One was a QTL for 
disease incidence, DI2, and the second for disease index, DX2.  Since the equation for 
calculating DX is DI x DS, it might be hypothesized this is the same QTL identified for both 
disease assessments. The reason the region for DX is larger than DI is most likely due to the 
added variation from DS. These two QTL mapped to a region that includes QTL identified by 
Wen et al. (2014) for disease index and Njiti and Lightfoot (2006) for disease severity.  
Chromosome 16 had one QTL for  disease incidence, DI3, that mapped within 20 cM of a 
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previously identified QTL for disease index (Yuan et al., 2012; Anderson et al., 2015) and 
another for disease severity (Swaminathan et al. 2015; Kassem et al., 2007; Sanitchon et al., 
2004). Due to the distance between the two regions previously reported, DI3 is considered the 
fourth novel QTL identified in this study. 
Chromosome 20 possessed a QTL associated with disease index, DX3. It mapped to a 
region in which QTL were detected in three different populations.  One was the A95-68403 x 
LS98-0582 population associated to disease severity (Swaminathan et al., 2015).  In the 
population of ‘Essex’ x ‘Forrest’, the QTL was for disease incidence (Iqbal et al., 2001), and in 
the ‘Misuzudaizu’ x ‘ Moshidou Gong 502’ population it was for disease index (Yamanaka et al., 
2006).        
Two significant interactions among QTL were detected in the study. Previously Njiti and 
Lightfoot (2006) reported on a QTL on chromosome 19 and another one on chromosome 3 that 
were shown to interact at lower disease severity.  The first interaction identified in this study of 
additive x additive between Rot2 and Rot3, indicates the breeder will need to select within this 
population for the same parental allele at the two loci in order to increase SDS resistance (Figure 
3a). A second additive by dominance interaction was obtained between DX1 and DX3 on 
chromosome 14 and chromosome 20, respectively (Figure 3b). As indicated before, additive by 
dominance interactions have limited importance in a selfed species when considered for breeding 
purposes, since heterozygosity will decrease in each generation of selfing.   In the present study 
the interactions, however, may have impacted the results, since F2:3 derived lines were used, 
having an expected heterozygosity level of 25%.  The interactions identified in this study are 
novel and will require further investigation, using populations derived from different parents. It 
is possible that among the 75 QTL currently reported on Soybase.org, other interactions may 
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play a significant role to improve resistance to SDS. Stacking QTL with beneficial interactions 
may lead to increased genetic gain for SDS resistance and to the breeding of soybean cultivars 
capable of maintaining resistance in outbreak years when environmental factors favor fungus 
colonization into the soybean and disease symptom expression. 
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Tables 
Table 1. Breakdown of the genetic map by chromosome of the ‘MN1606SP’ by ‘Spencer’ F2:3 
derived lines. 
Chromosome No. Coverage (cM) No. of Markers cM per Marker 
Chr_1 87.2 48 1.8 
Chr_2 160.7 44 3.7 
Chr_3 128.5 50 2.6 
Chr_4 148.2 56 2.7 
Chr_5 150.0 44 3.4 
Chr_6 147.5 53 2.8 
Chr_7 102.3 72 1.4 
Chr_8 151.0 104 1.5 
Chr_9 111.5 48 2.3 
Chr_10 144.4 89 1.6 
Chr_11 113.1 19 6.0 
Chr_12 119.5 82 1.5 
Chr_13 185.3 56 3.3 
Chr_14 83.5 62 1.4 
Chr_15 124.3 115 1.1 
Chr_16 140.2 71 2.0 
Chr_17 157.9 73 2.2 
Chr_18 131.9 67 2.0 
Chr_19 105.3 69 1.5 
Chr_20 144.3 104 1.4 
    
Total 2636.6 1326 2.0 
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Table 2. ANOVA table for the four disease assessment criteria: disease incidence (DI), disease severity 
(DS), disease index (DX), and root rot severity. Replication was nested within run. 
Main Effect Disease incidence (CV: 50.40) 
 Df MS F value Pr > F 
Run 2 29.05 273.19 <0.0001 
Replication (Run) 6 1.23 11.59 <0.0001 
Genotype 199 0.13 1.25 0.0158 
        Progeny 197 0.13 1.25 0.0136 
        Parental 1 0.04 0.42 0.5152 
     
Main Effect Disease severity (CV:104.62) 
 Df MS F value Pr > F 
Run 2 22731.69 67.36 <0.0001 
Replication (Run) 6 1911.93 5.67 <0.0001 
Genotype 199 441.43 1.31 0.0042 
        Progeny 197 437.54 1.30 0.0057 
        Parental 1 1612.72 4.78 0.0290 
     
Main Effect Disease index (CV:115.59) 
 Df MS F value Pr > F 
Run 2 27384.36 95.29 <0.0001 
Replication (Run) 6 1577.05 5.49 <0.0001 
Genotype 199 367.22 1.28 0.0082 
        Progeny 197 366.26 1.27 0.0091 
        Parental 1 904.89 3.15 0.0762 
     
Main Effect Root rot severity( CV: 41.26) 
 Df MS F value Pr > F 
Run  2 125299.43 196.86 <0.0001 
Replication (Run) 6 5753.65 9.04 <0.0001 
Genotype 199 769.45 1.21 0.0322 
        Progeny 197 770.46 1.21 0.0319 
        Parental 1 1146.74 1.80 0.1797 
 
  
  
1
0
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Table 3. Locations of the QTL using composite interval mapping for germination and the three disease assessments used in this study: 
disease incidence (DI), disease index (DX), and root rot severity (rot) 
QTL Chr/LG
a 
LOD
b 
2 LOD Marker interval Closest published  markers 2-LOD 
Position (cM)
c 
R
2 
(%)
 
Additive effect
 
d
  
Disease Incidence (DI) 
DI1 13/F 4.4 Gm13_26749514_T_C to 
Gm13_42027425_G_T 
BARC-007730-00067 to BARC-
013325-00483 
70.9 – 123.8 11.4 -0.1 
DI2 15/E 4.3 Gm15_9733870_T_C to 
Gm15_15746095_G_A 
Sat_273 to Sat_136 39.2 – 47.5   9.7 0.1 
DI3 16/J 4.9 Gm16_31454423_G_A to 
Gm16_37319334_C_A 
BARC-043111-08534 to BARC-
030817-06946 
63.2 – 79.6 11.8 0.1 
Disease Index (DX) 
DX1 14/B2 13.2 Gm14_7195140_G_A to 
Gm14_27937142_C_T 
BARC-020449-04623 to Satt601 40.6 – 67.7 34.4 3.9 
DX2 15/E 5.8 Gm15_13651090_G_A to 
Gm15_47871831_A_C 
Satt598 to Satt369 34.2 – 56.3 13.0 3.3 
DX3 20/I 8.5 Gm20_2954372_G_T to 
Gm20_30048849_G_T 
Satt367 to Satt496 28.0 – 36.4 20.0 -0.5 
DX4 4/C1 4.1 Gm04_7957588_G_T to 
Gm04_38135736_T_G 
BARC-041405-07979 to Satt670 81.0 – 85.4 9.0 0.4 
Root Rot Severity 
Rot1 6/C2 6.5 Gm06_13621986_A_C to 
Gm06_15571070_T_C 
BARC-017285-02260 to Satt376 90.7 – 97.8 18.0 1.7 
Rot2 14/B2 9.2 Gm14_30024382_T_C to 
Gm14_43417417_T_C 
Satt601 to BARC-017933-02457 67.7 – 87.8 26.8 0.6 
Rot3 6/C2 5.7 Gm06_1006528_G_A to 
Gm06_2325487_G_T 
BARC-015973-02029 to BARC-
02417-04780 
3.1 – 22.3 15.6 0.8 
Interactions 
QTL Assessment Interaction LOD
a 
R
2 
(%) Estimated effect 
Rot2 with Rot3 Root rot severity Additive by Additive 5.4 14.7 -8.7 
DX3 with DX1 Disease Index Additive by Dominance 8.0 18.8 8.0 
a 
Chr, Chromosome; LG, linkage group 
b 
Logarithm of odds ratios (LOD) at the position of the peak. LOD threshold (p=0.05) for DI, DX, and rot were 4.00, 3.99, 4.03, and 3.97 respectively  
c 
QTL position based on composite interval mapping (www.soybase.org) 
d
Additive effect of an allele substitution for the QTL based on each disease metric, DI, DX, and root rot. A positive value happens when the allele from 
MN1606SP provides greater resistance than the Spencer allele. 
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Figures 
 
Figure 1.  Frequency distributions of the means from three runs of (A) disease severity (B) disease incidence, (C) disease index, and 
(D) root rot of the F2:3  RILs from the cross ‘MN1606’ by ‘Spencer’.  Arrows indicate the parents. The mean and standard deviation 
(SD) (mean± SD), skewness and kurtosis are shown below the distributions.
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0
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Figure 2. Chromosomal locations based on composite interval mapping shown on SoyBase.org for the QTL identified from the cross 
between ‘MN1606’ and ‘Spencer’ as associated with the three disease assessments, disease incidence (DI), disease index (DX), and 
root rot severity (Rot). 
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Figure 3. Interaction plots for the QTL identified using the addint() function in R/qtl for (a) root rot and (b) disease index 
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CHAPTER 3. 
TRANSCRIPTOMIC STUDY COMPARING RESISTANT AND 
SUSCEPTIBLE PHENOTYPIC RESPONSE IN SOYBEAN TO FUSARIUM 
VIRGULIFORME 
 
Abstract 
 
To identify candidate genes, genomic data from a previous QTL mapping study (Chapter 
2), a transcriptomic study was conducted using the same soybean parents and the same isolate of 
Fusarium virguliforme. ‘MN1606SP’is a soybean cultivar resistant to F. virguliforme, while 
‘Spencer’ is susceptible. Root tissue of inoculated and non-inoculated seedlings was collected 
one day and seven days after inoculation (DAI) for RNA-seq analysis. Foliar tissue was collected 
at 7 DAI. Comparisons were made to identify genes differentially expressed (DE) in response to 
pathogen inoculation and between genotypes. In the roots, the resistant genotype had a stronger 
response to pathogen inoculation than the susceptible genotype.  Conversely, a stronger response 
to pathogen inoculation was observed in shoots of the susceptible genotype. Overlaying DE 
genes with previously identified QTL allowed us to identify 3 candidate genes within two QTL 
contributing to resistance. These results will lead to insights into the mechanism soybean 
employs to defend itself against F. virguliforme and will allow breeders to develop markers to 
select for resistant lines.  
Introduction 
 
Sudden death syndrome (SDS) of soybean [Glycine max (L.) Merr.], in the U.S. is caused 
by the soilborne fungus Fusarium virguliforme (formerly Fusarium solani f. sp. glycines) (Aoki 
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et al., 2003; Roy 1997a). SDS is one of the most important soybean diseases in the Midwestern 
United States, leading to average yield losses equivalent to $396 million per year from 1996 to 
2015. At early plant growth stages, the fungus infects soybean roots causing a light brown to 
black discoloration leading to a reduction in root mass and Bradyrhizobium nodule formation 
(Rupe, 1989; Roy et al., 1989; Stephens et al., 1993; Rupe and Gbur, 1995; Roy et al., 1997; 
Njiti et al., 1997). After infection, the mycelium colonizes the root and infiltrates the xylem 
(Navi and Yang, 2008). Phytotoxin(s) produced by the fungus are translocated to the foliar tissue 
producing chlorotic and necrotic symptoms ultimately leading to premature defoliation and pod 
abortion (Jin et al., 1996; Roy et al., 1997; Huang and Hartman, 1998; Brar et al., 2011; Chang et 
al., 2016). 
Given the impact of F. virguliforme (Fv) on yield, research has focused on potential crop 
management practices that reduce disease pressure. Ineffective strategies include tillage, and 
crop rotation. While some research has shown tillage to be effective at lowering SDS severity 
(Wrather et al., 1995; Roy, 1997b; Luo et al., 2001; Vick et al., 2003), other research suggests 
that no-till may lower SDS incidence and severity (Ackerman, 2006; Seyb et al., 2007; Westphal 
et al., 2008).  Crop rotation has also been evaluated, however the maize-soybean rotation used in 
the U.S. is not effective (Leandro et al., 2018; Xing and Westphal, 2009; Westphal and Xing, 
2011; Marburger et al., 2014), likely because maize is an asymptomatic host of F. virguliforme 
(Yang and Navi, 2010; Kolander et al., 2012). A reduction in SDS severity has been observed in 
a wheat-soybean rotation (Rupe et al., 1997; Von Qualen et al., 1989), as well as in 3- and 4-year 
rotations that include alfalfa, oats, and clover and compost amendments (Leandro et al., 2018).  
Another management practice that has been shown to reduce SDS severity is delaying planting to 
avoid wet and cold soils (Hershman et al., 1990; Wrather et al., 1995; Debruin and Pedersen, 
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2008), while more recently it was shown this may not be the case (Kandel et al., 2016).  Delay 
planting however, also reduces potential soybean yield by shortening the length of the growing 
season (Marburger et al., 2016). The best management practice is planting resistant cultivars. 
The quantitative inheritance of SDS disease resistance complicates the breeding process 
and thus far no commercial cultivars showing complete resistance are available. As of May 2, 
2018, 88 SDS resistance QTL have been identified according to SoyBase (www.soybase.org). 
Many of the identified QTL overlap or cluster on certain chromosomes. Chromosome (Chr) 18 
(formerly, linkage group (LG) G), has 24 QTLs, Chr 6 (LG C2) has 13 QTL and Chr 3 (LG N) 
has 8 QTL (Chang et al., 1996; Hnetkovsky et al., 1996; Njiti et al., 1998; Meksem et al., 1999; 
Prabhu et al., 1999; Iqbal et al., 2001; Njiti et al., 2002; Hashmi, 2004; Kassem et al., 2006; Njiti 
and Lightfoot., 2006; Kazi et al., 2008; Kassem et al., 2012; Yuan et al., 2012; Wen et al., 2014; 
Anderson et al., 2015; Bao et al., 2015; Zhang et al., 2015; Swaminathan et al., 2016; Luckew et 
al, 2017). Every soybean chromosome except Chr 12 (LG H) has at least one SDS QTL. 
 In spite of the reported existence of QTL, little is known about the specific genes 
conferring resistance to F. virguliforme. Srour et al. (2012) identified and characterized a 
receptor-like kinase located within an SDS QTL on Chr 18 (LG G). Yuan et al. (2012) suggested 
an ascorbate peroxidase gene is responsible for the foliar leaf scorch resistance QTL found on 
Chr 6 (LG C2).  Yuan et al. (2012), also over expressed a glutamate dehydrogenase gene in 
tobacco leading to increased root rot resistance.  Glutamate dehydrogenase is believed to play a 
role maintaining Nitrogen and Carbon (C) ratios, specifically under C shortage conditions 
(Miflin and Habash, 2002). Two genome wide mapping studies further confirmed that SDS 
candidate genes have diverse biological functions (Wen et al., 2014; Zhang et al., 2015).  
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FvTox1, is the main toxin responsible for SDS foliar symptoms (Brar et al., 2011). Zhang 
et al., (2016a) identified three synthetic peptides that bind to FvTox1, but they were not tested 
for similarities to soybean genes. A proteomic study examined differences in protein expression 
between infected and uninfected resistant plants, identifying 18 proteins classified into five 
categories: disease resistance/stress response, intracellular trafficking, energy transfer, primary 
metabolism, and unclassified (Iqbal et al., 2016). A metabolomic study determined that pipecolic 
acid in xylem sap and leaf tissue was increased during infection in the susceptible cultivar 
‘Spencer’ (Abeysekara et al., 2016), acting as an osmo-protectant (Návarová et al., 2012). 
Another metabolomics study compared PI567374 to ‘Spencer’, found increased levels of the 
isoflavone phytoalexin glyceollin, lignin, and phenol compounds in the resistant PI line 
(Lozovaya et al., 2004).   Recently, a transcriptome study identified genes that were 
downregulated by infection in the SDS susceptible line ‘Williams 82’ and identified an ankyrin 
repeat containing gene (Ngaki et al., 2016).  Expression of the ankyrin repeat gene was induced 
by drought stress but decreased by salt stress (Zhang et al., 2016b), suggesting it could act as an 
osmo-protectant to the SDS toxin.   
The objective of this study was to perform a transcriptomic study to identify the 
differences in gene expression between resistant ‘MN1606SP’ and susceptible ‘Spencer’, 
inoculated and non-inoculated with F. virguliforme. Expression differences could then be 
leveraged against the previous QTL study (Luckew et al., 2017), to identify candidate gene(s) 
within QTL associated with resistance to Fv. Identification of genes conferring resistance to Fv 
would reduce the size of the QTLs selected for introgression breeding purposes. 
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Materials and Methods 
Plant and fungal material 
 Two soybean genotypes were used in this study, ‘MN1606SP’ (SDS resistant) and 
‘Spencer’ (SDS susceptible) (Wilcox et al., 1989). ‘MN1606SP’, was developed by Dr. James 
Orf at the University of Minnesota, for improved food quality traits. During development 
‘MN1606SP’ did not undergo selection for SDS resistance (J. Orf, Univ. of Minnesota, personal 
communication). The seed for this study was harvested on October 25, 2016 from the Bruner 
Farm, Agronomy Research Farm-Iowa State University, near Ames, Iowa.  Twenty foot long 
four row plots were planted with a seeding rate of eight seeds per foot.   
 The Fv isolate used in this study was LL0009, also identified as NE305. The isolate was 
obtained from a symptomatic plant in Nevada, Iowa in 2006 (L. Leandro, Iowa State Univ., 
personal communication). This is the same isolate used to screen the mapping population derived 
from ‘MN1606SP’ and ‘Spencer’ (Luckew et al., 2017). The cultures used were created from a 
single-spore in 2015 and maintained on 1/3 strength potato dextrose agar at room temperature 
exposed to a 24h 40-W fluorescent light. A spore suspension was created by pouring 10 ml of 
distilled sterile water on one month old cultures and brushing them. These suspensions were 
poured through cheese cloth into a 1 L beaker. Adjusting the concentration with a 
hemocytometer to 1 x 10
6
, a 750 ml suspension was created. 
Soybean growth, inoculation, and phenotyping 
Four hundred and forty seeds of each genotype were grown on 22 sheets of germination 
paper, 20 seeds per sheet, in a growth chamber at 23°C during the day (16-h), and 20°C during 
the night.  The approximate light intensity was 448 µmol m
-2 
s
-1
. Two days after planting, the 220 
seeds from 11 of the rolls of each genotype were placed in a sterile Petri dish, with each roll 
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having its own petri dish. Thirty ml of a 1 x 10
6
 Fv spore suspension was poured on top (Figure 
1), following a procotol modified from Navi and Yang (2008).  The other 11 rolls of each 
genotype were considered controls, with the 20 seeds from each roll being placed in a sterile 
Petri dish and 30 ml of sterile distilled water poured on top.  The seeds were kept in the solution 
for 30 minutes in a laminar flow hood.  Afterwards the solution was poured off and the Petri 
plates with the seedlings were allowed to air-dry in the laminar flow hood for 1 h before being 
placed back in germination paper.   
Post inoculation, the seeds from one inoculated and one control Petri plate for each 
genotype were not placed back in germination paper, the other 10 rolls were kept for RNA 
extraction. In order to verify symptom expression these 20 seeds were planted into perlite filled 
240 ml Styrofoam cups at a planting rate of one seedling per cup and placed in the same growth 
chamber as the inoculated and control seeds that were in the germination paper.  The cups were 
placed in a completely randomized experimental design and were watered twice daily, morning 
and evening, with 50 ml of tap water each time.   Disease symptoms were assessed 30 days after 
inoculation, at soybean growth stage V2-V3 (Fehr and Caviness, 1977). Plants showing foliar 
leaf chlorosis and necrosis symptoms were scored on a percentage scale from 0 to 100 in 
increments of 5.  
Sample collection, RNA extraction, and RNAseq 
 This study consisted of two time points with four treatments, created by all combinations 
of two inoculation levels, inoculated and non-inoculated, and two genotypes, resistant and 
susceptible. Each time point, treatment and genotype combination had five biological replicates 
and was considered a sample. Due to germination and root growth, a biological replicate 
consisted of 12 seedlings at one DAI and only whole root tissue was collected. At the second 
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time point (7 DAI) both whole roots and the first true leaves were harvested. As before, each 
biological replicate contained 12 seedlings. Tissues were labeled appropriately to identify shoots 
and roots from the same plants.  Tissues were flash frozen in a 50 ml tube with liquid nitrogen 
and stored at -80°C. 
 Following SDS phenotype verification of perlite-grown plants, the frozen tissue was 
mixed and lightly ground with a mortar and pestle. Approximately 100 mg of tissue was further 
disrupted using the Qiagen TissueLyser II (Qiagen, Valencia, CA, USA), according to the 
manufacturer’s recommendations. RNA was extracted using the QIAgen® RNeasy® Plant mini 
kit (Qiagen
®
, Germantown, MD), following the provided protocol. Contaminating DNA was 
removed using the Ambion
® 
TURBO DNA-free kit
TM
 (Ambion
®, 
Austin, TX), and purified using 
the QIAgen
®
 RNeasy
®
 MinElute Cleanup kit (Qiagen
®
, Germantown, MD), following the 
recommended protocols.  The quality and concentration of the RNA was determined using a 
Thermo Fisher Scientific
® 
NanoDrop ND-1000 Spectrophotometer (Thermo Fisher Scientific
®
, 
Waltham, MA). RNA quality and quantity was used to select four of the five biological 
replicates for each sample for RNA-seq analysis. An Agilent
®
 2100 Bioanalyzer
TM
 (Agilent
®
, 
Santa Clara, CA) was used to confirm RNA quality and quantity of the selected samples. All 
samples had an RNA integrity (RIN) scores greater than or equal to seven.  Library preparation 
and RNA sequencing was conducted on 3 µg of total RNA using Illumina
®
 HiSeq 3000 
(Illumina
®
, San Diego, CA) with a single end read lengths of 150 bp at the Iowa State University 
DNA facility. 
Bioinformatic analyses 
 The bioinformatics programs Scythe (https://github.com/vsbuffalo/scythe), FASTX 
trimmer (http://hannonlab.cshl.edu/fastx_toolkit/) and Sickle (https://github.com/najoshi/sickle) 
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were run on all 48 samples to remove adaptor sequences, sequence artifacts, and low quality 
sequences, respectively. Sequences from the 48 libraries were then individually aligned to 
version 2 of the ‘Williams 82’ reference genome sequence (Wm82.a2.v1, www.phytozome.net, 
Schmutz et al., 2010) with TopHat version 2.1.1 (Trapnell et al., 2009). Reads mapping to more 
than one location were considered unreliable and were removed using the program Samtools (Li 
et al., 2009). The resulting mapping files were imported into the statistical program R (R 
Development Core Team, 2014) using Rsamtools (Morgan and Pages, 2013). The Wm82.a2.v1 
gene feature file was imported into R using rtracklayer (Lawrence et al., 2009), and the number 
of reads aligning to each gene was calculated with GenomicAlignments (Lawrence et al., 2013).  
To be considered, genes needed log counts per million (cpm) > 1 in a minimum of three 
replicates from one sample. 
 Normalization of the data was conducted using the trimmed mean of M (TMM) values 
(Robinson and Oshlack, 2010) in the Bioconductor package edgeR (McCarthy et al., 2012; 
Robinson et al., 2010; Robinson and Smyth, 2007; Robinson and Smyth, 2008; Zhou et al., 
2014). Principal component and biological coefficient of variance plots were created using the 
package ggplot2 (Wickham, 2009), to compare the replicates for reproducibility. Visual 
assessment of these plots confirmed that all four biological replicates of each treatment, tissue, 
and genotype combination did not differ substantially from one another. Analysis by tissue, 
genotype and treatment was conducted using edgeR on all samples. A false discovery rate of  
FDR <0.05 was used to identify significantly differentially expressed (DE) genes. 
Annotation of differentially expressed genes 
 Significantly DE genes were annotated with the SoyBase Genome Annotation Report 
Tool (www.soybase.org/genomeannotation/), which provides best BLASTX (E<10-6) hits 
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against UniRef100 (Apweiler et al., 2004) and predicted proteins from A. thaliana (The 
Arabidopsis Information Resource [TAIR] version 10, www. Arabidopsis.org). The SoyBase 
Gene Ontology (GO) enrichment tool 
(https://www.soybase.org/goslimgraphic_v2/dashboard.php) was used to identify GO biological 
process and molecular function terms enriched among differentially expressed genes of interest 
relative to all predicted genes in the soybean genome. Significantly overrepresented (P <0.05) 
GO terms are identified using a Fisher’s Exact Test (Fisher, 1960) and Bonferroni correction 
(Bonferroni, 1935). 
Results 
Verification of SDS phenotypic response 
 Prior to conducting the RNA-seq experiment, a replicate set of resistant and susceptible 
plants, F. virguliforme inoculated and controls, was grown to confirm SDS foliar and root 
symptom development. The typical SDS foliar symptoms of chlorosis and necrosis were visible 
on the susceptible cultivar, ‘Spencer’, while only light chlorosis was observed on the resistant 
cultivar, ‘MN1606SP’, 30 days after inoculation (Figure 2). For the two genotypes ‘MN1606SP’ 
and ‘Spencer’, there was a significant (p < 0.05), effect of genotype on the foliar phenotype with 
‘MN1606SP’ averaging 1.4% and ‘Spencer’ averaging 16% disease severity across ten plants 
(Figure 3).   At the same time point, root rot was present on both inoculated genotypes on the tap 
root (Figure 2), symptom scores were not significantly different.   
Identification of differentially expressed genes 
 RNA-seq libraries were sequenced at the Iowa State University DNA facility. The 48 
samples comprised a total of 1,577,320,848 150 base pair single end reads. Of those, 
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523,593,791 were from 16 root libraries at 1 DAI, 444,531,131 reads were from 16 root libraries 
at 7 DAI, and 609,195,926 were from 16 foliar libraries at 7 DAI.   
 Differentially expressed (DE) genes with a FDR < 0.05 were identified for each treatment 
effect, genotype effect and each time point (Table 1).  In response to F. virguliforme inoculation 
regardless of genotype and time point, we identified 688 DE genes (Suppl. File 1), in root tissue. 
In ‘MN1606SP’ across time there was 193 DE genes in roots in response to treatment (Suppl. 
File 2), and in ‘Spencer’ across time there were 77 in response to treatment (Suppl. File 3). In 
foliar tissue regardless of genotype and across time, the effect of the treatment identified 2683 
DE genes (Suppl. File 4).  
Breaking down the treatment effect by tissue, genotype, and time point provided another 
six effects for evaluation (Table 1).  In ‘MN1606SP’ in the roots in response to inoculation, 2262 
DE genes were observed at 1 DAI (RRT1) (Suppl. File 5), and 13 DE genes were observed at 7 
DAI (RRT2) (Suppl. File 6). In the ‘Spencer’ roots in response to inoculation at 1 DAI, 1185 DE 
genes were observed (SRT1) (Suppl. File 7), and only 2 DE genes at 7 DAI were observed 
(SRT2) (Suppl. File 8).  In response to inoculation in the foliar tissue at 7 DAI, ‘MN1606SP’ had 
48 DE genes (Suppl. File 9) and ‘Spencer’ had 4113 DE genes (Suppl. File 10).  
 When comparing treatment effects from a single time-point, tissue and genotype, several 
DE genes in common were found (Figure 4a). In root tissue at 1 DAI, 503 of the 1185 DE genes 
observed in ‘Spencer’ were also DE in ‘MN1606SP’. Interestingly, this means that 602 and 1759 
DE genes were unique to the susceptible and resistance responses, respectively. By 7DAI, only 2 
and 13 DE genes responded to inoculation by F. virguliforme in ‘Spencer’ and ‘MN1606SP’, 
respectively, suggesting the defense response in the roots may have already passed. It may also 
be due to the protocol used in which we harvested the full root at 7 DAI. At this time point the 
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infection sight was not visible making it impossible to only take tissue from where F. 
virguliforme interacted with the soybean root. The healthy root tissue could have diluted out the 
effects of the infected tissue. This hypothesis is corroborated with the root rot phenotype only 
being observed at the crown of the root (Figure 2e, 2g). When comparing the foliar expression 
data, eight of the 42 DE genes identified in ‘MN1606SP’ where also DE in ‘Spencer’ at 7 DAI 
(Figure 4b).  However, 4105 DE genes were uniquely DE in ‘Spencer’, suggesting a strong 
response to pathogen inoculation not observed in ‘MN1606SP’. 
Characterization of responses to F. virguliforme in resistant and susceptible genotypes 
 To understand differences in the ‘MN1606SP’ and ‘Spencer’ responses to F. 
virguliforme, we took advantage of the SoyBase GO enrichment tool 
(https://www.soybase.org/goslimgraphic_v2/dashboard.php). This tool identifies significantly 
overrepresented (Corrected P<0.05) gene ontology terms within a gene list of interest relative to 
all genes in the soybean genome. For every GO term significant in the resistant response, we 
identified the number of DE genes in the susceptible response and vice versa. In roots one DAI, 
the resistant response had 34 significantly (P<0.05) overrepresented GO terms, while the 
susceptible only had nine (Figure 5). The 34 processes associated with the resistant response can 
be broken down to eight higher level functions: cell cycle (2), cellular metabolic process (5), 
cellular process (9), developmental process (9), gene expression (1), methylation (1), response to 
stimulus (2), and transport (5). Similarly, higher level functions in the susceptible response 
include cellular metabolic process (1), cellular process (3), developmental process (1), response 
to stimulus (3), and transport (1). For all but one of the GO terms, it is clear more genes are 
differentially expressed in the resistant response than in the susceptible, suggesting a stronger 
response to the pathogen. In the higher level process response to stimulus, there are four GO 
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ontologies significantly overrepresented that can be associated with plant defense. In the resistant 
response, this includes ‘regulation of ARF protein signal transduction’ and ‘hydrogen peroxide 
biosynthetic process’. In the susceptible response this includes ‘peroxidase activity’, and 
‘response to brassinosteroid stimulus’.  
 Using the same approach to examine foliar responses to F. virguliforme, we identified 44 
GO terms significantly overrepresented in the susceptible response and a single GO term 
overrepresented in the resistant response (Figure 6).  For each of the GO terms significant in the 
susceptible response, at most one DE gene was identified in the resistant response.  Significant 
GO terms in the susceptible response were related to defense, gene silencing and cell division. 
The strong response observed in the susceptible genotype suggests that by 7 DAI the fungal 
toxin had reached the leaves. In the resistant cultivar, no response was observed suggesting the 
early response in the roots possibly suppressed the pathogen toxin production and/or toxin 
translocation. 
Using differential expression to identify SDS candidate genes in mapped QTLs 
 In previous research we identified 10 QTL associated with SDS resistance using a F2:3 
mapping population created from the cross ‘MN1606SP’ x ‘Spencer’ (Luckew et al., 2017).   We 
were interested in using our expression data to narrow the number of candidate genes within 
these QTL.  Since pathogen detection must always be active and is not always inducible, we also 
mined our expression data for genotype expression differences. When looking at genotype 
effects there were six combinations of effects (Table 1). In the root tissue irrespective of time 
and treatment there were 5823 DE genes. Comparing the mock treatments for a genotype effect 
in root tissue 1 DAI (RT1) had 2101 DE genes, 7 DAI (RT2) had 1381 DE genes and with 1 DAI 
and 7 DAI combined 2804 DE genes. In foliar tissue the effect of the genotype regardless of 
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treatment had 9709 DE genes and the mocks only had 6114 DE genes (FT2). Given that the lines 
used in the study were unrelated, it is not surprising that a large number of genotype differences 
were identified across the genome.  However, we could overlay these genotype differences on 
the 10 QTL to minimize the actual number of candidate genes. 
 To examine each of the QTL, we focused on the following treatment data sets: 
‘MN1606SP’ at 1 DAI in the roots (RRT1), ‘MN1606SP’ at 7 DAI in the roots (RRT2), 
‘MN1606SP’ at 7 DAI in the leaves (RFT2), ‘Spencer’ at 1 DAI in the roots (SRT1), ‘Spencer’ 
at 7 DAI in the roots (SRT2), and ‘Spencer’ at 7 DAI in the leaves (SFT2). Similarly, we 
included the following genotype data sets:  mock roots at 1 DAI (RT1), mock roots at 7 DAI 
(RT2), and mock leaves at 7 DAI (FT2). The ten QTL contained a total of 6331 genes, of which 
1859 were DE with an FDR <0.05. Using a fold change cutoff of +/- 2, this was reduced to 744 
DE genes. To narrow the number of QTL examined in this study, we used the R
2
 value of the 
QTL as the deciding criteria. We focused on the root rot QTL located on chromosome 14 (Rot2) 
that had a R
2
 of 26.8% and the disease incidence QTL located on chromosome 13 (DI1) with a 
R
2
 of 11.4%. 
Root Rot 2 QTL 
With published SDS QTL information (Luckew et al., 2017), the SNPs on either end of 
the 2-LOD interval were used to determine the base pair position of the QTL. Rot2 was located 
between SNP ss715618240 (Gm14:34,212,172) and ss715618818 (Gm14:42,687,702). There 
were 160 predicted genes in this region, only 24 unique genes were found to be significantly 
(FDR <0.05) DE in the six different treatment or genotype effects: 2, 2, 1, 6, 8, 7 and 13 DE 
genes were identified in RRT1, SRT1, RFT2, SFT2, RT2 and FT2, respectively (Table 2)(Figure 
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7).  The FC cutoff of ±2 reduced this to 11 unique DE genes in six different treatment or 
genotype effects: 1, 1, 3, 7, 6 and 3 in RRT1, RFT2, SFT2, RT1, RT2 and FT2, respectively.  
Of the 11 unique DE genes identified in the QTL, four (Glyma.14G160400, 
Glyma.14G162900, Glyma.14G3100, and Glyma.14G163400) have no known function, and 
cannot be ruled out as candidates. Seven DE genes with annotations were therefore further 
evaluated. Of these, two had clear functions related to defense. Glyma.14G162100 is homolog of 
AtHAI3, a protein phosphatase 2C that negatively regulates immunity by suppressing AtMPK3 
and AtMPK6 (Mine et al., 2017).   Pseudomonas syringae can exploit JA-defense signaling by 
producing a JA-mimicking phytotoxin to induce expression of AtHAI1, AtHAI2 and AtHAI3 and 
suppress immunity. Once the pathogen is recognized via effector triggered immunity, JA 
signaling is blocked to promote immunity. In our data, Glyma.14G162100 was induced by F. 
virguliforme in the resistant genotype at RT1 (FC 4.86). Glyma.14G165700 is a homolog of 
AtMEKK1. In Arabidopsis, the MEKK1-MKK1/MKK2-MPK4 kinase cascade negatively 
regulates plant immune responses (Kong et al., 2012). In our analysis, Glyma.14G165700 had a 
genotype effect at RT1 (FC= -1.98) and FT2 (FC=1.89). In addition, it was induced by F. 
virguliforme in the susceptible genotype at SFT2 (FC=1.47). Another interesting gene was 
Glyma.14G169900, located 52 kb away from the peak SNP. Glyma.14G169900 is a homolog of 
AtMYB20, a MYB transcription factor with roles in enhancing stress tolerance (Cui et al., 2013), 
and regulating cell wall biosynthesis (Zhong et al. 2008). This gene was induced by pathogen 
inoculation in ‘MN1606SP’ (FC of 3.55), at 1 DAI. Surprisingly in the absence of the pathogen, 
we observed greater genotype expression (FDR <0.05) in ‘Spencer’ roots at T1 and T2 (FC of -
3.67 and -2.63), respectively.  The observation suggests this gene is inducible only in the 
resistant response to infection, and not on the susceptible genotype.  All three of the genes, 
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Glyma.14G162100, Glyma.14G165700 and Glyma.14G169900, are involved in signaling 
cascades. Previously we reported (Luckew et al., 2017), that the Rot2 QTL interacts with another 
QTL associated with root rot severity, making each of these genes interesting candidate genes.  
Disease incidence QTL DI1 
The first disease incidence QTL looked at in this study was DI1 (Luckew et al., 2017), 
located between SNPs ss715614527 (Gm13:27,943,258) and ss715616452 (Gm13:43,467,121). 
It is important to note this QTL was observed as being contributed by the susceptible parent, 
‘Spencer’. This QTL region has a total of 1,790 annotated genes, with 374 of these significantly 
(FDR<0.05) DE in our treatment and genotype effects of interest. By requiring a FC of ±2, we 
reduced this number to 125 candidate genes (Figure 8). Of the 125, there were 101 genes unique 
to only one treatment or genotype effect, 16 were common to two effects, 6 were common to 
three effects, and 2 were common to four effects. Sixteen of them had no known function. To 
narrow this region further, we took advantage of other overlapping SDS QTL mapping studies 
which identified the following regions: Sat_154 and and BARC-042515-08280 
(Gm13:28,506,083 to Gm13:31,355,907, Kassem et al., 2007; Swaminathan et al., 2016; Zhang 
et al., 2015). This region also corresponds to the locations of Rps3, a resistance to Phytophthora 
sojae (Demirbas et al., 2001).   
Narrowing the region to 3 Mbp the DE genes reduced to 14. Six DE genes were 
associated with one treatment or genotype effect, five DE genes were associated with two effects 
and three DE genes were associated with three effects (Table 3). Four genes, Glyma.13G179200, 
Glyma.13G183000, Glyma.13G183200, and Glyma.13G183500, had no known function. Three 
candidate genes could be directly associated with defense. One of them Glyma.13G176600, is a 
homolog of AtNSL1, a negative regulator of salicylic acid mediated defense (Noutoshi et al., 
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2006), which was induced 2.41 fold in FT2 (genotype) and 3.53 fold SFT2 (treatment). 
Glyma.13G187900 is a leucine rich repeat protein upregulated in FT2 by 2.00 fold.  Closest to 
the location of Rps3, we identified Glyma.13G191400 upregulated 11.59 fold in RFT2 and down 
regulated 2.12 fold in SRT1. Glyma.13G191400 is homologous to AtST2A, a sulfotransferase 
that metabolizes jasmonic acid to 12-hydroxyjasmonic acid. It is hypothesized that this method is 
used by the plant to turn off defense responses (Gidda et al., 2003). The down regulation of this 
gene in SRT1 would indicate ‘Spencer’ is keeping the JA defense pathway activated, which 
suggests this a gene that deserves further research.       
Five other candidate genes were associated with abiotic stress responses. 
Glyma.13G181000 is homologous to AT4G27450 a gene with unknown function differentially 
expressed under drought, salt and heat stress (Fujita et al., 2007). Glyma13G18100 was also 
upregulated 2.67 fold in RT2 treatment. Glyma.13G183700 with a 2.83 FC and 
Glyma.13G184500 with a -2.01 FC were differentially expressed in FT2. Glyma.13G183700 is 
homologous to serine carboxypeptidase-like 31 (At1G11080), which is differentially expressed 
in response to iron deficiency (Mai et al., 2016) and Glyma.13G184500 (AtBRD4) plays a role 
in the cell cycle (Mochizuki et al., 2008). Glyma.13G185200 (AtAHL) that encodes a PAP 
phosphatase was also identified with a -4.53 FC in RT2. AtAHL is induced by sodium and 
protects against salt stress toxicity (Gil-Mascarell et al., 1999). Other candidate genes could be 
associated with cell wall modifications. Glyma.13G174300, a homolog of AtCSLG2, is a 
cellulose synthase gene unique to SFT2 induced in response to infection (FC=2.09). 
Glyma.13G186100 is a homolog of a root hair specific protein (AtRHS12) and was down 
regulated in RT1, RRT1, and SRT1 by -2.49, -2.53, and -2.97 fold respectively. A 
carboxyesterase gene, Glyma.13G189800, was found with a -2.05 FC in SRT1.  
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Within this region, two other QTL were identified in genome wide association studies 
(GWAS) for SDS resistance. Wen et al., (2014) identified ss107924971, located at 
Gm13:33,655,223.  Zhang et al. (2015) identified SNP ss715615423, located at 
Gm13:33,466,062. This SNP also interacted with a SNP on chromosome 8 (Zhang et al., 2015). 
There were four DE genes closest to these SNPs. Two genes are up regulated in FT2, 
Glyma.13G223900 by 2.21 fold and Glyma.13G225700 by 2.56 fold.   Both play a role in plant 
defense. Glyma.13G223900 is homologous to AtCAD1, involved in cell death that negatively 
regulates plant immunity (Morita-Yamamuro et al., 2005). The Arabidopsis homolog for 
Glyma.13G225700, AtHSFA4A, is a stress induced transcription factor that is a part of the MPK 
signaling pathway (Perez-Salamo et al., 2014). The third gene, Glyma.13G221900, was 
upregulated 2.11 fold in RRT1 and has homology to a serine carboxypeptidase. The last gene in 
this region was Glyma.13G224900 (homologous to AtNLM2), had a 6.59 fold increase in the 
susceptible response at SRT1. AtNML2 regulates aluminum uptake and tolerance in Arabidopsis 
(Wang et al., 2017). 
This QTL region was found to have the beneficial allele contributed by the susceptible 
parent, ‘Spencer’. This reason is why it is worth noting five adjacent genes with fold changes 
ranging from 49.85 to 61.51 in SRT1: Glyma.13G251600, Glyma.13G251700, 
Glyma.13G252000, Glyma.13G252300, and Glyma.13G252400. The genes are homologous to 
At3G19690, a cysteine-rich secretory protein with homology to pathogenesis-related protein 1 
(PR1). Another gene, Glyma.13G252200, that does not have a known function has a -15.84 fold 
change in RT2, showing greater expression in ‘Spencer’ compared to ‘MN1606SP’ even in the 
absence of the fungus. The genes merit further investigation. 
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Discussion 
Breeding for resistance to SDS is difficult due to a large environmental effect on soybean 
resistance responses to F. virguliforme pathogenicity.  The genetic components for resistance to 
this necrotrophic fungus are complicated by the identification of numerous QTL regions placed 
on every chromosome, except Chr 12 (LG H) (www.soybase.org). To diminish the number of 
QTL and identify candidate genes contributing to resistance, we used RNA-seq to compare 
resistant and susceptible responses to F. virguliforme at two time points for roots and one time 
point for leaves. We then leveraged the DE genes by layering them on top of QTL data from a 
mapping population developed with the same resistant and susceptible genotypes (Chapter 2 of 
this dissertation; Luckew et al., 2017). 
In the resistant parent ‘MN1606SP’, we observed the strongest response to pathogen 
inoculation in roots 1 DAI (Figure 4a). For all but one of the significant GO terms identified at 
this time point, more genes were DE in response to pathogen infection in the resistant genotype 
than in the susceptible (Figure 5). The significantly overrepresented gene ontologies could be 
assigned to three broad categories: cell wall, transport, and signal transduction.  
The cell wall is a physical form of defense against plant pathogens. We identified five 
GO terms associated with the cell wall that were unique to the resistant response (xylan 
biosynthetic process, glucan metabolic process, glucuronoxylan metabolic process, (1,3)-beta-D-
glucan biosynthetic process and cell adhesion). In barley, DE of xylan biosynthesis genes 
provides resistance to powdery mildew by reinforcing the plant cell wall (Chowdhury et al., 
2017). Similarly, glucan plays a role in strengthening the cell wall in soybean root hairs 
(Muszynski et al., 2015), and is also found in cell walls of algae, Poaceae, and fungi (Burton and 
Fincher, 2009; Fesel and Zuccaro, 2015; Salmean et al., 2017).  Cell adhesion of the plasma 
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membrane and cell wall is required for plant response to fungal attack (Mellersh and Heath, 
2001).  
We also identified numerous GO terms associated with transport and signaling in the 
resistant response (ATPase activity coupled to transmembrane movement of substances and ions,  
phospholipid transport and phospholip-translocating ATPase activity). Very long chain fatty 
acids are required for biosynthesis of the plant cuticle and phospholipids. The latter are bioactive 
molecules involved in signal transduction and regulation of cell death in plant defense responses 
(reviewed by Raffaele et al., 2009). Lipids are also used to produce jasmonic acid (JA), Kienow 
et al., 2007), which is thought to provide the best defense against necrotrophic fungal pathogens 
(Antico et al., 2012; Rahman et al., 2012). In the susceptible response, we identified the GO term 
‘water channel activity’. Since F. virguliforme only colonizes the roots of soybeans, perhaps it 
uses osmotic pressure to force the plant to uptake FvTox1, as suggested by Brar et al. (2011). 
The remaining GO term associated with the resistant response is the fatty-acyl-CoA transport 
shown to play a role in the JA pathway (Kienow et al., 2007).  
We also identified significantly overrepresented GO terms associated with defense 
signaling uniquely in the resistant genotype (protein glycosylation, protein N-linked 
glycosylation, protein desumylation, protein ubiquitination involved in ubiquitin-dependent 
protein catabolic process and hydrogen peroxide biosynthetic process). Ubiquination and N-
glycosylation regulate resistance responses by targeting pathogen recognition receptors for 
degradation or altering their stability (Withers and Dong, 2017). Sumoylation of the master 
immune regulator NPR1 switches its interaction with transcriptional repressors to transcriptional 
activators, inducing defense gene expression (Saleh et al., 2015). Similarly, hydrogen peroxide 
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bursts have been shown to trigger salicylic acid-mediated defense responses (Herrera-Vasquez et 
al., 2015).  
In the susceptible genotype response, we identified a significantly (P<0.05) 
overrepresented GO term ‘response to brassinosteroid stimulus’. Brassinosteroids have only 
recently been linked to plant defense (De Bruyne et al., 2014).  When brassinosteroid hormones 
were sprayed on barley leaf tissue, the barley plant had enhanced resistance to Fusarium head 
blight (Ali et al., 2013). Another GO term unique to the susceptible response is peroxidase 
activity. This has been shown to detoxify hydrogen peroxide and to play a role in creating other 
reactive oxygen species that activate the hypersensitivity response (Dmochowska-Boguta et al., 
2013).  
Based on the GO terms and the overrepresentation of genes related to the cell wall in the 
resistant genotype compared to the susceptible, it is reasonable to believe the QTL found on 
chromosome 14, Rot2 (Luckew et al., 2017), could be related to reinforcing the cell wall. 
Luckew et al. (2017) found that this QTL interacted with other QTL, suggesting the involvement 
of a transcription factor. The study reported here, found a MYB20 transcription factor, 
Glyma.14G169900, near the peak SNP. The gene was upregulated in the roots of the 
‘MN1606SP’ resistant response at 1 DAI by 3.55 fold and downregulated in the absence of the 
fungus in comparison to ‘Spencer’ at 1 DAI, 3.67 fold, and 7 DAI, 2.63 fold, in the roots.  
However, ‘Spencer’ did not have significant DE when looking at infected versus mock at 1 DAI 
for this gene.  The constitutive expression in ‘Spencer’ may not be at a high enough level and the 
activation of this gene in the presence of the fungus in ‘MN1606SP’ may explain the resistant 
response.  MYB transcription factors have been shown to be involved in metabolism, cell fate 
and development, and responses to biotic and abiotic stress (Dubos et al., 2010). Potentially this 
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gene might only act in response to biotic stress in the ‘MN1606SP’ genotype.   In Arabidopsis 
(Cui et al., 2013), the MYB20 transcription factor negatively regulates a serine-threonine protein 
phosphatase leading to increased salt stress tolerance. In addition to the abiotic stress response, 
MYB20 has been shown to be involved in the lignification of the cell wall (Mele et al., 2005; 
Yamaguchi et al., 2010; Kumar et al., 2015; Zhong et al., 2008; Ambavaram et al., 2011). F. 
virguliforme colonizes the seedling root cortical tissue as well as the vascular tissue early after 
infection (Navi and Yang, 2008). In older plants, the roots become more resistant to F. 
virguliforme (Gongora-Canul and Leandro, 2011), potentially due to the lignification of the cell 
wall that may become strong enough to stand up against the lignin peroxidase and laccase 
enzymes produced and used by the fungus to attack and colonize the soybean roots (Lozovaya et 
al., 2006).  
While the resistant response clearly occurred in the roots, a strong susceptible response 
was observed in the foliar tissue of the susceptible genotype ‘Spencer’ that had 4105 unique DE 
genes vs the resistant ‘MN1606SP’ that only had 40 (Figure 5). F. virguliforme has never been 
found to colonize soybean tissue above the soil and the foliar symptoms are due to toxin(s) 
translocated from the infected roots to the leaves (Brar et al., 2011; Chang et al., 2016). To date, 
no research has determined when the toxin is translocated to the leaves. Based on the data 
presented in this study, it is likely the toxin is translocated on or before 7 DAI in the susceptible 
genotype, explaining the large number of DE genes responding to pathogen inoculation in 
leaves. The resistant genotype may have prevented toxin translocation or inhibited pathogen 
development, explaining the few number of DE genes in resistant leaves. 
With this underlying hypothesis, the DI1 QTL on chromosome 13 (Luckew et al., 2017), 
was investigated. To narrow the region, we included previously identified, overlapping QTL 
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(Kassem et al., 2007; Swaminathan et al., 2016; Zhang et al., 2015; Demirbas et al., 2001). 
Within the new narrowly defined region we identified a few defense related DE genes: 
Glyma.13G176600, Glyma.13G181000, Glyma.13G187900, and Glyma.13G191400. 
Glyma.13G18100, Glyma.13G187900 and Glyma.13G176600 were differentially expressed in 
response to genotype, with higher expression in the resistant parent. Glyma.13G176600 was also 
induced by pathogen inoculation in the susceptible genotype (3.53 fold change).This gene has a 
homolog in Arabidopsis that is a MAC/Perforin membrane protein that has been shown to be 
involved in the cell death pathway (Ni and Gilbert, 2017).  Another gene in this region, 
Glyma.13G191400, was found 11.59 fold increased in ‘MN1606SP’ compared to ‘Spencer’ in 
the mock treatment at 7 DAI in the leaves and at 1 DAI in the roots that was decreased 2.12 fold 
in ‘Spencer’ when comparing infected to mock. This gene has an Arabidopsis homolog that 
encodes a sulfotransferase 2A protein. This protein plays a role in the JA pathway (Wasternack 
and Hause, 2013; Widemann et al., 2016). It is possible the resistant response to the two 
pathogens with necrotrophic phases, F. virguliforme and P. sojae, found with overlapping QTL 
in this region, is due to this JA related defense gene.  
It is important to note this same region had a second SNP peak in it in two  GWAS 
studies (Zhang et al., 2015; Wen et al., 2014), that were  located around 5 genes identified in the 
present study.  These genes were upregulated at least 50 fold compared to the mock treatment in 
the susceptible response.  The same genes were not found DE in the resistant response. All the 
genes encode the CAP superfamily proteins, associated with the salicylic acid defense pathway 
(Breen et al., 2017). This gene family also includes pathogenesis related protein 1, which has 
been shown activated following recognition of a pathogen contributing to resistance (Van Loon 
and Van Strien, 1999). In Arabidopsis, this can be induced by SA and is associated with 
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resistance to the hemi-biotroph Pseudomonas syringae (Ahmad et al., 2011). Considering the 
beneficial allele of this QTL is derived from the susceptible parent (Luckew et al., 2017; 
Swaminathan et al., 2016; Kassem et al., 2007), it is possible this is the gene responsible for the 
association with resistance.  
In conclusion, using RNA-seq analysis has allowed us to identify genes and pathways 
involved in resistant and susceptible responses to F. virguliforme.  This study suggests resistance 
responses in the root occur within 24 hours after infection and might be sufficient to block 
translocation of toxin(s) to foliar tissues.  While defense responses are detected in susceptible 
roots, the response magnitude is not as large as in the resistant genotype, possibly allowing toxin 
translocation to occur.  Since strong DE is observed at 7DAI in susceptible leaves, this suggests 
toxin translocation occurs within 7 DAI. Overlaying DE genes on QTL allowed the identification 
of candidate genes within the QTL regions. Future work will be needed to demonstrate how 
these genes contribute to resistance and how they can be best utilized in breeding strategies to 
improve resistance to Fusarium virguliforme in soybean. 
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Tables 
 
Table 1. Number of differentially expressed (DE) genes significant at FDR <0.05 responding to 
inoculation of F. virguliforme at two different time points, 1 day after inoculation (DAI) and 7 
DAI, two different tissues, roots and leaves, and two different treatments inoculated and mock. 
Tissue Genotypes Time 
points 
Treatment DE 
Genes 
Up 
regulated 
Down 
Regulated 
Treatment Effects 
Roots Both Both Inoc/mock 688 482 206 
Roots ‘MN1606SP’ Both Inoc/mock 193 157 36 
Roots ‘MN1606SP’ 1 DAI Inoc/mock 2262 1478 784 
Roots ‘MN1606SP’ 7 DAI Inoc/mock 13 13 0 
Roots ‘Spencer’ Both Inoc/mock 77 61 16 
Roots ‘Spencer’ 1 DAI Inoc/mock 1185 595 590 
Roots ‘Spencer’ 7 DAI Inoc/mock 2 2 0 
Leaves Both 7 DAI Inoc/mock 2683 1497 1186 
Leaves ‘MN1606SP’ 7 DAI Inoc/mock 48 44 4 
Leaves ‘Spencer’ 7 DAI Inoc/mock 4113 2214 1899 
Genotype Effects 
Roots ‘MN1606SP’/’Spencer Both Mock 2804 1101 1703 
Roots ‘MN1606SP’/’Spencer 1 DAI Mock 2101 807 1294 
Roots ‘MN1606SP’/’Spencer 7 DAI Mock 1381 624 757 
Leaves ‘MN1606SP’/’Spencer 7 DAI Mock 6114 3141 2973 
Roots ‘MN1606SP’/’Spencer Both Both 5823 2359 3464 
Leaves ‘MN1606SP’/’Spencer 7 DAI Both 9709 4824 4885 
 
  
1
4
0
 
Table 2. Significantly (FDR <0.05) differentially expressed genes found in the QTL region Rot2 defined by Luckew et al.(2017) with 
a minimum fold change (FC) of ±2 1 day after inoculation (DAI) and 7 DAI, the experiment in which genes and FC were identified,  
the top The Arabidopsis Information Resource (TAIR) hit, and the GO description from Soybase.org. 
Gene ID Experiment
†
 Fold Change TAIR Hit GO Description 
Glyma.14G159300 
RT2 -2.19 AT3G49260.2; IQ-domain 21 stomatal complex 
morphogenesis 
Glyma.14G160400 RT1 -1402.37 N/A N/A 
 RT2 -767.50 N/A N/A 
Glyma.14G162100 RT1 4.86 AT2G29380.1; highly ABA-induced 
PP2C gene 3 
protein dephosphorylation 
Glyma.14G162900 SFT2 -2.27 N/A N/A 
 RT1 -104.45 N/A N/A 
 RT2 -174.38 N/A N/A 
 FT2 -1218.52 N/A N/A 
Glyma.14G163100 RT1 7.53 N/A N/A 
 RT2 6.64 N/A N/A 
Glyma.14G163400 RT1 -625.17 N/A N/A 
 RT2 -389.67 N/A N/A 
Glyma.14G164900 SFT2 2.28 AT1G77760.1; nitrate reductase 1 oxidation-reduction process 
Glyma.14G165000 RFT2 2.23 AT1G77760.1; nitrate reductase 1 oxidation-reduction process 
 SFT2 2.54 AT1G77760.1; nitrate reductase 1 oxidation-reduction process 
 RT2 2.34 AT1G77760.1; nitrate reductase 1 oxidation-reduction process 
Glyma.14G168100 FT2 8.08 AT1G22110.1; structural constituent 
of ribosome 
translation 
Glyma.14G169900 RRT1 3.55 AT1G66230.1; MYB domain protein regulation of transcription 
 RT1 -3.67 AT1G66230.1; MYB domain protein regulation of transcription 
 RT2 -2.63 AT1G66230.1; MYB domain protein regulation of transcription 
Glyma.14G171700 RT1 2.98 AT5G10100.1; Haloacid 
dehalogenase-like hydrolase 
trehalose biosynthetic process 
† RRT1 is inoculated/mock in ‘MN1606SP’ at 1 DAI in roots, RFT2 is inoculated/mock in ‘MN1606SP’ at 7 DAI in leaves, SFT2 is 
inoculated/mock in ‘Spencer’ at 7 DAI in leaves, RT1 is ‘MN1606SP’/’Spencer’ at 1 DAI in roots, RT2 is 
‘MN1606SP’/’Spencer’ at 7 DAI in roots, and FT2 is ‘MN1606SP’/’Spencer’ at 7 DAI in leaves 
  
1
4
1
 
Table 3. Significantly (FDR <0.05) differentially expressed genes found in the QTL region Rot2 defined by Luckew et al.(2017) with 
a minimum fold change (FC) of ±2 1 day after inoculation (DAI) and 7 DAI, the experiment in which genes and FC were identified,  
the top The Arabidopsis Information Resource (TAIR) hit, and the GO description from Soybase.org. 
 
 
† RRT1 is inoculated/mock in ‘MN1606SP’ at 1 DAI in roots, RFT2 is inoculated/mock in ‘MN1606SP’ at 7 DAI in leaves, 
SFT2 is inoculated/mock in ‘Spencer’ at 7 DAI in leaves, RT1 is ‘MN1606SP’/’Spencer’ at 1 DAI in roots, RT2 is 
‘MN1606SP’/’Spencer’ at 7 DAI in roots, and FT2 is ‘MN1606SP’/’Spencer’ at 7 DAI in leaves 
Gene ID Experiment
†
 Fold Change TAIR Hit GO Description 
Glyma.13G174300 
SFT2 2.10 AT4G24000.1; cellulose synthase 
like G2 
polysaccharide biosynthetic 
process 
Glyma.13G176600 SFT2 3.53 AT1G28380.1; MAC/Perforin 
domain-containing protein 
defense response to fungus 
 FT2 2.41 AT1G28380.1; MAC/Perforin 
domain-containing protein 
defense response to fungus 
Glyma.13G179200 FT2 4.19 AT4G32480.1; Unknown Function Biological Process 
 SFT2 2.71 AT4G32480.1; Unknown Function Biological Process 
Glyma.13G181000 FT2 7.23 AT4G27450.1; Aluminium induced 
protein with YGL and LRDR motifs 
systemic acquired resistance, 
salicylic acid mediated 
signaling pathway 
 RT2 2.67 AT4G27450.1; Aluminium induced 
protein with YGL and LRDR motifs 
systemic acquired resistance, 
salicylic acid mediated 
signaling pathway 
Glyma.13G183000 RT1 5.32 N/A N/A 
 FT2 3.90 N/A N/A 
 SFT2 2.90 N/A N/A 
Glyma.13G183200 SFT2 3.26 N/A N/A 
 FT2 3.13 N/A N/A 
Glyma.13G183500 RT1 6.42 N/A N/A 
 FT2 3.13 N/A N/A 
 SFT2 2.46 N/A N/A 
  
1
4
2
 
Table 3. Continued 
Gene ID Experiment
†
 Fold Change TAIR Hit GO Description 
Glyma.13G183700 FT2 2.83 AT1G11080.1; serine 
carboxypeptidase-like 
proteolysis 
Glyma.13G184500 FT2 -2.01 AT1G61215.1; bromodomain 4 biological process 
     
Glyma.13G185200 RT2 -4.53 AT5G54390.1; HAL2-like sulfur compound metabolic 
process 
Glyma.13G186100 RT1 -2.50 AT3G10710.1; root hair specific trichoblast differentiation 
 RRT1 -2.54 AT3G10710.1; root hair specific trichoblast differentiation 
 SRT1 -2.97 AT3G10710.1; root hair specific trichoblast differentiation 
Glyma.13G187900 FT2 2.00 AT3G14470.1; NB-ARC domain-
containing disease resistance protein 
systemic acquired resistance 
Glyma.13G189800 SRT1 -2.05 AT5G16080.1; carboxyesterase metabolic process 
Glyma.13G191400 RFT2 11.59 AT5G07010.1; sulfotransferase 2A jasmonic acid mediated 
signaling pathway 
 SRT1 -2.12 AT5G07010.1; sulfotransferase 2A jasmonic acid mediated 
signaling pathway 
† 
RRT1 is inoculated/mock in ‘MN1606SP’ at 1 DAI in roots, RFT2 is inoculated/mock in ‘MN1606SP’ at 7 DAI in leaves, SFT2 is 
inoculated/mock in ‘Spencer’ at 7 DAI in leaves, RT1 is ‘MN1606SP’/’Spencer’ at 1 DAI in roots, RT2 is 
‘MN1606SP’/’Spencer’ at 7 DAI in roots, and FT2 is ‘MN1606SP’/’Spencer’ at 7 DAI in leaves 
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Figures 
 
 
 
 
Figure 1. Soybean seedlings two days after planting in a 30 ml spore suspension with a 
concentration of 1 x 10
6
 of Fusarium virguliforme conidia
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Figure 2.  Sudden death syndrome foliar disease symptoms of A inoculated ‘Spencer’, B non-
inoculated ‘Spencer’, C inoculated ‘MN1606SP’, D non-inoculated ‘MN1606SP’, and root rot 
severity symptoms of E inoculated ‘Spencer’, F non-inoculated ‘Spencer’, G inoculated 
‘MN1606SP’ and H non-inoculated ‘MN1606SP’ at 30 days after inoculation.  
 
A 
D C 
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G 
F E 
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145 
 
 
Figure 3. Mean foliar disease severity for each genotype and treatment with standard error of the 
mean error bars from 10 plants grown in 240ml Styrofoam cups filled with Perlite, watered twice 
daily with 50ml tap water, exposed to a 16 hr photoperiod in a growth chamber. 
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Figure 4. Venn diagram of the common differentially expressed genes due to inoculation by Fusarium virguliforme treatment A) 
effect in roots of ‘MN1606SP’ at 1 day after inoculation (DAI) (RRT1), ‘MN1606SP’ at 7 DAI (RRT2), ‘Spencer’ at 1 DAI (SRT1) 
and ‘Spencer’ at 7 DAI (SRT2). B) differentially expressed genes due to inoculation by Fusarium virguliforme treatment effect in 
leaves of ‘MN1606SP’ at 7 days after inoculation (DAI)( RFT2) and ‘Spencer’ at 7 DAI (SFT2). 
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Figure 5. Significantly (P<0.05) overrepresented gene ontology terms associated with Fusarium 
virguliforme infection for the resistant, ‘MN1606SP’, and the susceptible, ‘Spencer’in root 
tissue across time. At the end of each ontology term is a letter in brackets either R, for 
‘MN1606SP’, or S, for ‘Spencer, indicating the genotype(s) with the overrepresented term. 
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Figure 6. Significantly (P<0.05) overrepresented gene ontology terms associated with Fusarium 
virguliforme infection for the resistant, ‘MN1606SP’, and the susceptible, ‘Spencer’ in foliar 
tissue at 7 DAI. At the end of each ontology term is a letter in brackets either R, for 
‘MN1606SP’, or S, for ‘Spencer, indicating the genotype(s) with the overrepresented term. 
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Figure 7. The root rot locus labeled Rot2 (Luckew et al., 2017) having been mapped between 
SNPs ss715618240 (Gm14:34,212,172) and ss715618818 (Gm14:42,687,702) on chromosome 
14. The dots refer to significant (FDR <0.05) DE genes of at least ±2 fold change (FC) with 
pink being positive and green being negative FC. The dotted line represents the location of the 
peak SNP. Genes refers to all annotated genes in the interval, RRT1 is ‘MN1606SP’ at 1 DAI in 
the roots, RRT2 is ‘MN1606SP’ at 7 DAI in the roots, RFT2 is ‘MN1606SP’ at 7 DAI in the 
leaves, SRT1 is ‘Spencer’ at 1 DAI in the roots, SRT2 is ‘Spencer’ at 7 DAI in the roots, SFT2 
is ‘Spencer’ at 7 DAI in the leaves, RT1 is ‘MN1606SP’/’Spencer’ at 1 DAI in the roots, RT2 is 
‘MN1606SP’/’Spencer’ at 7 DAI in the roots, and FT2 is‘MN1606SP’/’Spencer’ at 7 DAI in the 
leaves. 
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Figure 8. The disease incidence locus labeled DI1 (Luckew et al., 2017) having been mapped 
between SNPs ss715614527 (Gm13:27,943,258) and ss715616452 (Gm13:43,467,121) on 
chromosome 13. The dots refer to significant (FDR <0.05) DE genes of at least ±2 fold change 
(FC) with pink being positive and green being negative FC. The dotted line represents the 
location of the peak SNP. Genes refers to all annotated genes in the interval, RRT1 is 
‘MN1606SP’ at 1 DAI in the roots, RRT2 is ‘MN1606SP’ at 7 DAI in the roots, RFT2 is 
‘MN1606SP’ at 7 DAI in the leaves, SRT1 is ‘Spencer’ at 1 DAI in the roots, SRT2 is 
‘Spencer’ at 7 DAI in the roots, SFT2 is ‘Spencer’ at 7 DAI in the leaves, RT1 is 
‘MN1606SP’/’Spencer’ at 1 DAI in the roots, RT2 is ‘MN1606SP’/’Spencer’ at 7 DAI in the 
roots, and FT2 is‘MN1606SP’/’Spencer’ at 7 DAI in the leaves.
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Supplemental Files 
Supplemental File 1: Genes significantly differentially expressed in response to F. virguliforme 
treatment across time in root tissue. 
Supplemental File 2: Genes significantly differentially expressed across time in ‘MN1606SP’ in 
response to F. virguliforme in root tissue. 
Supplemental File 3: Genes significantly differentially expressed across time in ‘Spencer’ in 
response to F. virguliforme in root tissue.  
Supplemental File 4: Genes significantly differentially expressed in response to F. virguliforme 
treatment across time in foliar tissue.  
Supplemental File 5: Genes significantly differentially expressed in response to F. virguliforme 
treatment at 1 DAI in root tissue in ‘MN1606SP’ (RRT1). 
Supplemental File 6: Genes significantly differentially expressed in response to F. virguliforme 
treatment at 7 DAI in root tissue in ‘MN1606SP’ (RRT2). 
Supplemental File 7: Genes significantly differentially expressed in response to F. virguliforme 
treatment at 1 DAI in root tissue in ‘Spencer’ (SRT1). 
Supplemental File 8: Genes significantly differentially expressed in response to F. virguliforme 
treatment at 7 DAI in root tissue in ‘Spencer’ (SRT2). 
Supplemental File 9: Genes significantly differentially expressed in response to F. virguliforme 
treatment at 7 DAI in foliar tissue in ‘MN1606SP’ (RFT2). 
Supplemental File 10: Genes significantly differentially expressed in response to F. virguliforme 
treatment at 7 DAI in foliar tissue in ‘Spencer’ (SFT2) 
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CHAPTER 4. 
GENERAL CONCLUSIONS 
 
 The soilborne pathogen Fusarium virguliforme is a major pathogen of soybeans leading 
to an average loss of $190 million year
-1
 (Robertson and Leandro, 2010; Wrather and Koenning, 
2009; Wrather et al., 2010; Bradley and Allen, 2014). This dissertation provides a review of the 
literature on sudden death syndrome resistance in soybeans and new research into the genetic 
components leading to enhanced SDS resistance. 
 The first chapter was a literature review meant to compile the previously published 
genetic information. It also compiled information related to management techniques and 
background on the fungus. Previous to this dissertation, there was no publication that compiled 
all the separate QTL studies and placed them in one paper. In addition to compiling the QTL 
studies, the previously identified QTL were all placed on the Williams 82 genetic map with the 
information provided in the corresponding studies using Soybase.org. By doing this, it was 
possible to visualize the overlapping QTL and potentially realize the QTL numbers that could 
possibly be associated with SDS resistance. While every chromosome, except Chr 12, has had at 
least 2 QTL identified on it, QTL regions identified on the same chromosome(s) overlap. 
Chromosome 18 has been repeatedly identified and reported as being important for SDS. 
However, when overlapping all the QTL regions found on chromosome 18, these can be reduced 
from 30 QTL to potentially only 5. In addition to being placed on the genetic map, this review 
had QTL noted with their beneficial allele. The QTL on chromosome 18 are all derived from the 
resistant parent, and interestingly the QTL on chromosome 6 is derived from the susceptible 
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parent. Having this information will allow breeders to select fewer markers for improved 
resistance to the SDS disease in soybean. 
 In the second chapter, a highly SDS resistant northern soybean variety was crossed with a 
susceptible to create a mapping population to determine the genetic basis for the resistance. From 
the mapping population a total of 10 QTL were identified. Three were associated with the 
presence of foliar symptoms scored as disease incidence, another four were associated with the 
disease index, normalized severity, and another 3 were associated with root rot. One of the ten 
overlapped for both incidence and index, which could mean there were only 9 QTL identified. 
Based on the compilation of previously published QTL, it was determined that four newly 
identified QTL in this chapter were novel, all three root rot QTL and one disease incidence QTL.  
In addition to these additive effects, two epistatic interactions among QTL in different 
chromosomes were also identified. An additive by additive interaction was found between two 
root rot QTL and an additive by dominance interaction was found between disease index QTL. 
This work not only provided breeders additional SDS resistance loci to select on but it also 
identified new interactions that will have to be taken into account when making selections.  
 The third chapter built on the genomic data and looked into the differences in gene 
expression between the parents used in chapter 2, at 1 day after infection and 7 days after 
infection. In the roots, the resistant genotype had a stronger response to pathogen inoculation 
than the susceptible genotype.  Conversely, a stronger response to pathogen inoculation was 
observed in shoots of the susceptible genotype. In addition to looking at the overall response 
between the resistant and susceptible genotypes, two QTL from chapter 2 were investigated for 
differential gene expression. The QTL labeled DI1 had two candidate genes, a sulfotransferase 
2A gene and a group of 5 CAP superfamily protein encoding genes. The second QTL looked at 
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was Rot2. At the peak SNP in this region was a differentially expressed MYB20 transcription 
factor that plays a role in the lignification of the cell wall in Arabidopsis. Future work will need 
to be done to confirm these candidate genes and work will need to be done to analyze the rest of 
the RNA-seq data to find other potential genes of interest. 
 This dissertation has utilized both traditional plant breeding and molecular breeding to 
determine the basis for SDS resistance in soybean. It has also opened new doors for research 
through the treasure trove of RNA-seq data created. For breeders, this information can be used in 
the future to develop markers to select for SDS resistance with limited to no linkage drag.   
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